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The research reported in this thesis examines the interaction of a vortex ring with a
liquid interface with a large density gradient (or strong density interface). Substantial
studies in the past have focused on the properties of an isolated vortex ring, its
interaction with another rings or with a solid wall. Relatively little work has been
carried out on the interaction of a vortex ring with a strong density interface. Yet, a
better understanding of this phenomenon can provide useful insights into numerous
engineering applications such as in the new Waste-to-Energy plant in Copenhagen
that will convert waste into energy by using vortex rings. This study is based on
dye flow visualization and flow field measurements using Particle Image Velocimetry
(PIV). The results obtained enable us to quantify the evolution of vortex ring
dynamics and interface deformation during the interaction.
Firstly, the thesis focuses on the main characteristics of an isolated vortex ring
(i.e. vortex ring diameter, propagation velocity and circulation) in the absence
of liquid interface. This enables us to compare the consistency of the present
results with published data. Secondly, this study emphasizes the relevance of






quantitatively the interaction of a vortex ring with a liquid interface. This number
takes into consideration the dynamics of vortex ring as well as the density gradient of
viii
Contents
the interface. Thirdly, the thesis investigates the evolution of vortex ring parameters
(i.e. trajectory, diameter, propagation velocity and circulation) during the impact
on the interface. Finally, an analysis of the deformation of the interface is conducted
by studying two revealing parameters of this deformation, namely the highest point
of the deformed interface and the volume of silicone oil displaced.
It is found that even though ◊ characterizes quite well the interaction of vortex
rings with various liquid interfaces, this number is not sufficient to analyse in details
the vortex ring dynamics as well as the interface deformation. Two Froude numbers
are found to be more suitable: Fru and Frc (Frc is directly related to ◊). The
trajectory is found to be governed by Fr2u/Frc. The characteristic time of the vortex
ring dynamics is found to be equal to the propagation velocity over the diameter
of the vortex ring. Finally, the analysis of the interface deformation reveals that a
minimal vortex ring energy is required to deform the interface; probably due to the
surface tension of the interface.
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1.1 Background and motivation
A vortex ring is characterized by a concentration of vorticity in a toroidal region of
space. It belongs to a broader type of fluid and gas motions, namely concentrated
vortices. Concentrated vortices can frequently be observed in nature; cyclones,
whirlpools, oceanic vortices are examples of this phenomenon. Vortex rings can also
be encountered in nature, for instance when a volcano is erupting (see Figure 1.1).
Figure 1.1: Smoke ring formed by the volcano Etna
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Vortex rings have noticeable properties. First, concentrated vorticity are localized
in a toroidal region of space and decreases with increasing distance from the core
center. Also, a vortex ring propagates by self-induction, and the propagation velocity
direction is perpendicular to the plane of the ring. Vortex ring is, for these reasons,
one of the most spectacular form of concentrated vorticity. There are numerous
methods to create a vortex ring, probably the easiest way to create it is by dropping
a coloured liquid into a glass of clear water.
Vortex rings are fundamental in fluid mechanics, and they are present in many
natural or engineering systems. Vortex rings are also known to occur in turbulent
jets and turbulent boundary layers. Also, jellyfish has been observed to generate
vortex ring structures to swim and feed (Dabiri et al., 2005), and similarly fish
generates vortex rings to help them to propagate (Linden and Turner, 2004). These
observations have raised considerable interest to study vortex rings as a future means
of propulsion. However, the presence of vortex rings can also be unfavorable or even
dangerous; for instance the rotation of a helicopter rotor creates vortex rings that
can damage the rotor blades if no precautions are taken during the flight.
Many researchers have studied vortex rings for more than a century. Helmholtz
was the first to investigate vortex rings in 1858. Lord Kelvin Thomson (1867),
Reynolds (1876), Lamb (1932) and Batchelor (1967) have also worked on this
interesting phenomenon. The first theoretical treatment of vortex rings was published
by Lamb in late 19th century in the book Hydrodynamics, this book is still a reference
for its mathematical model.
Researchers have developed strong interest in vortex rings for mainly two reasons.
The first reason is purely due to a scientific curiosity. This phenomenon is, indeed,
2
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fascinating and intriguing, particularly because of its capacity to maintain itself
into a concentration of vorticity within a defined space while it propagates. The
second reason is that it is relevant to numerous engineering applications (see for
instance the helicopter issue and fish propulsion method mentioned above). Also,
many researchers study vortex rings to further understand vortex dynamics such as
vortex reconnection, vortex interaction and vorticity annihilation.
To date, substantial knowledge have been acquired on the properties and behav-
iors of vortex rings, a brief review of this knowledge is presented in the literature
review. Interested readers can also refer to Saffman (1992); Shariff and Leonard
(1992); Lim and Nickels (1995); Akhmetov (2009) for a more comprehensive treatment
on this topic.
More often than not, vortex rings are not isolated but interact with surfaces. For
instance, applications in flow control, heat transfer and electronics cooling may make
use of interactions between vortex rings and boundaries (Glezer and Amitay, 2002;
Couch and Krueger, 2011). Other examples where vortex interaction occurs include
landing and take-off phases of flights, or geophysical phenomena (Orlandi, 1990).
Finally, the interactions between vortex rings and boundaries can also be viewed
as an idealized interaction between turbulent eddies and boundaries. And thus,
the study of vortex ring and surface interaction can help to understand essential
phenomena in fluid mechanics, such as unsteady boundary-layer separation and
wall-bounded turbulent flows (Cheng et al., 2010).
Therefore, it is important to understand the interaction of vortex rings with
various interfaces. Interaction with wall has been widely investigated experimentally
and numerically, but relatively little work have focused on the interaction of vortex
3
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rings with a free surface. The first study on this kind of interaction was carried
out by Linden (1973), he studied experimentally the impact of vortex rings on a
strong density interface. Subsequent studies on this topic include Dahm et al. (1989)
and Stock et al. (2008). These studies do not fully explain this complex interaction.
In particular, no comprehensive quantitative study on the vortex ring dynamics
and deformation of the interface during vortex ring-free interface interaction has
been carried out. Also, in the two main experimental studies on this topic (Dahm
et al., 1989; Linden, 1973), the density gradient across the interface was large but
not sharp. By contrast, in this study the interface is chosen to be sharp in addition
to have a strong density gradient since it can be useful for some applications. For
example, the new Waste-to-Energy plant in Copenhagen will convert waste into





The aim of the present study is to examine the interaction between a vortex ring
and a liquid interface with a large density jump across the interface. To achieve
this, dye flow visualization and PIV experiment are conducted. The liquids forming
the interface and the vortex ring parameters are carefully chosen, and enable us to
quantify the evolution of the vortex ring dynamics and interface deformation.
Specifically, the aims of this project are:
1. To study the vortex ring dynamics during the interactions with the interface.
2. To investigate the interface deformation due to the impact of the vortex rings.
3. To ascertain the importance of the non-dimensional Boussinesq coefficient





) to characterize quantitatively the interactions
between vortex rings and liquid interfaces.
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1.3 Organization of thesis
The thesis is divided into five chapters. Chapter 1, the present chapter, is the
introduction of the thesis which provides a brief background of the subject, the
objectives of the research and the organization of the thesis.
Chapter 2 is a literature review that focuses firstly on isolated vortex rings and
secondly on vortex ring/interface interactions. Two types of interface are reviewed:
solid wall and liquid interface. This chapter is essential to understand the rationale
behind experimental choices presented in chapter 3. Also, it provides the basic
knowledge, which aids in the interpretation of the experimental results presented in
this thesis.
Chapter 3 focuses on the two experimental setups used in this study: dye flow
visualization and PIV. These two experiments have common elements; vortex ring
apparatus and liquid interface, and they are presented first. This is followed by the
description of the experimental procedures and data processing of the results.
Chapter 4 presents the results and discussions. It is divided into four sections.
The first section focuses on the main vortex ring characteristics before it impacts
the interface. The second section emphasizes the relevance of the dimensionless
number ◊, first introduced by Dahm et al. (1989), in the case of interactions between
a vortex ring and a liquid interface. The third section investigates the evolution of
the vortex ring dynamics during the interaction. The final section focuses on the
deformation of the interface.
Finally, the conclusions in chapter 5 summarizes the main results of this study




In this chapter, a literature review on the previous studies of vortex ring is carried
out. It is composed of two parts. The first part reviews the experimental, numerical
and theoretical studies on vortex rings in order to provide sufficient understanding
on this complex fluid phenomenon. These studies mainly focus on four areas: the
generation of vortex rings, its characteristics or structure, its propagation and finally
its stability.
The second part focuses on the interactions of a vortex ring with an interface.
Studies on the collision of a vortex ring against a wall are first presented. Finally,
past studies on the interaction of vortex rings with liquid interfaces are discussed. To
date, there are very few studies on the interaction of a vortex ring with a liquid-liquid
interface, and hence very few papers have been published on the subject.
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2.1 Vortex Rings
2.1.1 Formation of a vortex ring
Various methods can be used to produce a vortex ring. First, when a drop of
water coloured with dye falls into a glass of clear water, a vortex ring thus formed
propagates downward. A second method consists in moving laterally a circular disc
submerged in a fluid, and then removing the disc quickly. However, these two vortex
ring generation methods are not very appropriate for quantitative research since the
first method cannot be repeated accurately and the removal of the circular disc, in
the second method, may disturb the evolution of the vortex ring. The third and the
most often used method is to expel a liquid column through a nozzle. This method
has two important advantages: the parameters controlling the formation vortex ring
can be regulated and the experiments are repeatable. This is the method adopted
in the present study.
When liquid is pushed, usually by a piston, through an open-ended cylinder
which acts as a nozzle, it rolls up into a spiral at the external edge of the nozzle (see
Figure 2.1), this spiral forms the initial stage of a vortex ring. The spiral diameter
increases with continuing piston motion, this stage is called the rolling up process.
The spiral stays at the edge of the nozzle until it reaches a certain diameter1. Once
this diameter is reached, the vortex ring moves away from the nozzle. Its diameter
initially decreases before reaching a constant diameter at a distant of approximately
three times the diameter of the nozzle from the exit of the nozzle (Didden, 1979).
The initial reduction in the diameter of the vortex ring is due to the generation of
a secondary vortex ring of opposite circulation inside the nozzle when the piston
1throughout the thesis, the diameter of the vortex ring refers to the internal diameter
8







Figure 2.1: Sketch of vortex ring formation: liquid column expelled by the piston from the
nozzle
To generate a specific vortex ring, three parameters have to be controlled: the
velocity of the piston (Un), the diameter of the nozzle (Dn), and the length of
liquid column ejected from the nozzle (Ln). These parameters determine the three
characteristics of a vortex ring: the circulation (Γ), the propagation velocity (U)
and the diameter (D) of the vortex ring. All the six parameters are shown in Figure
2.2.
Two Reynolds number definitions are commonly used to characterize a vortex
ring. The first definition is based on the generating parameters: Ren =
UnLn
ν , and
the second definition is based on the vortex ring circulation: Re = Γν , this definition
is usually preferred when the circulation can be obtained.
As mentioned above, the three generating parameters (Un, Dn and Ln) determine
the circulation (Γ), the propagation velocity (U) and the diameter (D) of the vortex
ring. In what follows, it is explained how the circulation, the diameter and the
propagation of the vortex ring can be expressed as a function of the generating
parameters. To do so, three models are introduced.
9








Figure 2.2: Schematic diagam representing the vortex ring and generating parameters.
2.1.1.1 Vortex ring circulation
Didden (1979) related the circulation of the vortex ring to the generation conditions
by using laser Doppler anemometry to determine the velocity field in the nozzle
exit plane during the rolling up process. During this process, circulation increases
with the piston displacement. Thus, Didden (1979) was able to plot the circulation
of the vortex ring as a function of Ln/Dn (this ratio is called stroke ratio and
for simplicity’s sake is also referred to as L/D). He found that the dimensionless
circulation is independent of the piston velocity and can be approximated by:
Γ
UnDn







The Didden’s empirical equation give a fair approximation of the circulation.
However, no satisfactory theory can explain this equation. Until now, only two
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models have been proposed: the slug model and the self-similar roll-up, also called,
similarity theory (Saffman, 1978; Pullin, 1979). Both models are explained in the
following paragraphs.
The slug model, introduced by Didden (1979), is based on the assumption
that the amount of vorticity of the vortex ring is equal to the amount of vorticity
generated at the inner wall of the nozzle. Here, the velocity distribution is assumed
to be uniform at the nozzle exit. Therefore, the initial circulation according to the







This model leads to very simple equation of the circulation when the velocity of





However, this model does not match his own results (see equation 2.1). Therefore,
Didden proposed the following correction (see equation 2.4).
Γ
Γslug









Also, this model leads to very simple equations of the impulse2 and energy of
2the impulse was introduced by Lamb (1932) and represents the sum of the momentum within a
volume
11
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On other hand, self-similar roll-up model attempts to provide a model of the
core structure of vortex rings and its evolution. The approach of this model consists
in balancing forces that act on an element of filament (Moore and Saffman, 1972;
Saffman, 1978). The flow was first assumed to be two dimensional, but the model was
subsequently improved by Pullin (1979) who considered the ring to be axisymmetric.
This model is mainly used to understand the evolution of vortex rings and will be
further discussed in the section on the evolution and propagation of vortex rings.










One can notice that in both equations (equations 2.4 and 2.6), circulation depends
on L/D. Although, their variations with L/D are different: power ≠1 of L/D for
Didden’s empirical equation and power ≠2
3
of L/D for Pullin’s theoretical equation.
Self-similar roll-up model is in fair agreement with experimental results from
Maxworthy (1977); however, it does not match the results of Didden (1979). The
difference between the two experiments is that Maxworthy (1977) used a high
range of Reynolds number (3 - 4◊ 104), while Didden’s experiments involved lower
Reynolds number of 7000. Thus, the self-similar roll-up model is more appropriate
to describe vortex rings with high Reynolds number (Shariff and Leonard, 1992).
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2.1.1.2 Vortex ring propagation velocity
To express the vortex ring propagation velocity at the pinch off, Shusser and Gharib
(2000) used the Kelvin-Benjamin variational principle3. In the case of the formation
of the vortex ring, the principle implies that:
The pinch off occurs when the apparatus is no longer able to deliver
energy at a rate compatible with the requirement that a steady translating
vortex ring have maximum energy with respect to impulse-preserving
iso-vortical perturbations. (Shusser and Gharib, 2000)






The above equation indicates that the propagation velocity depends on the
circulation and impulse. Both parameters can be expressed as a function of the
three generating parameters (Ln, Dn and Un) based on the slug model. Therefore,
the behavior of the U/Un ratio can be expressed as a function of the stroke ratio
only (see equation 2.8). This equation matches fairly the three experimental data









3The Benjamin variational principle is explained in his 1976’s paper
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Figure 2.3: U/Un as a function of the stroke ratio. Three experimental data obtained by
Gharib et al. (1998) and Gharib’s model based on the Benjamin variational principle are
represented. (Shusser and Gharib, 2000)
2.1.1.3 Vortex ring diameter
Maxworthy (1977) studied the dependence of the vortex ring diameter on the
generation conditions. He found that the diameter does not depend significantly on
Ren, although he demonstrated the dependence of the diameter on the stroke ratio.
Also, Auerbach (1988) proposed two empirical equations of the vortex ring












)1/5 for 1 Æ L0/D0 Æ 3.3
2.1.2 Vortex ring characteristics
In this section, vortex ring structure and characteristics are analysed in more details.
The velocity distribution of a vortex ring, its circulation and energy are introduced.
14
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The vortex rings are characterized by concentration of vorticity in a toroidal
region. Thus, cylindrical coordinates are used and the symmetrical axis of the vortex
ring is located at r = 0. v designates the axial velocity component and u is the






Figure 2.4: Sketch of a vortex ring. The axial velocity component v and the radial velocity
component u are indicated.
The velocity field of a vortex ring was investigated by Akhmetov and Kisarov
(1966). They measured the velocity field using hot-wires anemometers 4. The
distribution of the axial velocity component along the r-axis in the plane z = 0 is
represented in Figure 2.5. This distribution is of interest since the diameter of the
vortex core can be seen from this figure. The core diameter is the distance between
the two extrema of the curve.
The vorticity field of a vortex ring is also of interest and can be derived from
the velocity field (equation 2.9). The vorticity distribution along the r-axis in the
plane z = 0 (see Figure 2.4) is particularly useful since it highlights the vorticity
concentration region of the vortex ring (see Figure 2.6). This concentration region
in the neighbourhood of the point r = R corresponds to the core of the vortex ring.
However, because of the viscosity of the fluid the core diameter diffuses with time
4air flow passes through a wire and cools it; hence, a relationship between the flow speed and
the resistance of the wire exists.
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Figure 2.5: Distribution of the axial velocity component, v, along the r-axis in the plane
z = 0 of the vortex rings. U represents the propagation velocity of the vortex ring.
(Gharib et al., 1998).










Figure 2.6: Vorticity distribution along the r-axis in the plane z = 0.
As for the circulation of the vortex ring, it can be calculated using the vorticity
field (see equation 2.10), or using the velocity field (see equation 2.11). These
equations are equivalent based on Stokes’s theorem. The circulation is actually a
16
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In equation 2.11, L is any closed loop that contains the core of the vortex ring.
And in equation 2.10, Σ is the surface within L.
As for the kinetic energy of the vortex ring, it is given by equation 2.12. This





As mentioned earlier a simpler expression of the energy can be found based
on the slug model, i.e. the energy is a function of the generating conditions (see
equation 2.13). However, this model is a rough approximation of the reality and can







Another simple model of energy was proposed by Saffman (1992). Based on this
model, the energy of the vortex ring with a thin core is a function of the circulation,
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The radius of the core of the vortex ring is however difficult to measure experi-
mentally.
A very interesting study on the energy of a vortex ring is reported in Akhmetov
(2008), Akhmetov proposed that the total kinetic energy of a vortex ring should be
the sum of the energies of the fluid inside and outside of the vortex atmosphere. The
vortex atmosphere is defined as the enclosed volume of the fluid which embraces
the ring. Obviously, the energy inside the vortex atmosphere is much larger than
that outside the vortex atmosphere. Also, Akhmetov proved that the energy of
the fluid in the vortex atmosphere is approximately three times the energy of the
corresponding solid (i.e. a solid with the same volume, mass and moving with the
same velocity). Therefore, the total kinetic energy of the vortex ring consists not
only of the energy associated with the translational motion, but also of the energy of
the circulation motion (or rotational motion) of the fluid in the vortex atmosphere.
For this reason, the present study will focus on the effect of the translational and
rotational motions of vortex rings on the interface.
2.1.3 Propagation and evolution of a vortex ring
The propagation velocity of a vortex ring was first estimated by Lamb (1932).
However, his estimation of the velocity is time-independent, which is inconsistent
with experimental observations. Saffman (1970) proposed another model which takes
into account the effects of viscosity. The viscosity has two effect on the vortex rings:
it causes the vortex ring propagation velocity to decrease and the core diameter
to grow due to viscous diffusion. Based on the improvement in the derivation, the
18
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Thus, during the propagation, the vortex ring’s propagation velocity decreases
and diameter increases. Reynolds (1876) attributed this phenomena to the entrain-
ment of external fluid, i.e the vortex ring gets larger and its velocity decreases by
sharing its momentum with the flow surrounding it.
The structure of the vortex ring core can be divided into three regions according
to the self-similar roll-up model (Moore and Saffman, 1972; Saffman, 1978; Pullin,
1979). These regions correspond to various distance from the center of the core (see




Figure 2.7: Structure of a vortex ring core.
2.1.4 Stability of a vortex ring and trailing jet
This section deals with the stability issue of vortex rings. The discussion until
now assumes that the vortex ring is laminar and does not have trailing jet behind.
However, this happens only under certain conditions which are discussed in this
section.
Vortex ring can either be laminar or turbulent. Also, under certain conditions,
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a laminar vortex ring may have trailing jet behind it. Figure 2.8 represents these
three cases.
Figure 2.8: Three regimes of vortex rings. (a) laminar vortex ring without trailing jet
(Gharib et al., 1998); (b) laminar vortex ring with trailing jet (Gharib et al., 1998); (c)
turbulent vortex ring (Glezer, 1988).
Glezer (1988) discussed the conditions under which a vortex ring is turbulent
or will become turbulent. He proposed a dimensionless transition map (see Figure
2.9) which presents the stroke ratio as a function of the Reynolds number. The two
broken lines in this figure represents the boundary separating vortex rings that are
initially laminar from vortex rings that are initially turbulent. For low stroke ratio,
the boundary corresponds to ΓDνL ¥ 104, and for high stroke ratio, it is Γν ¥ 2.5◊ 104.
Gharib et al. (1998) provide an explanation for the occurrence of a trailing jet
behind a laminar vortex ring. They observed the existence of a threshold L/D
20


















Figure 2.9: Dimensionless transition map (Glezer, 1988).
value, which they refer to as ’formation number’ and is approximately equal to 4.
Gharib et al. (1998) explained that the formation of a trailing jet is caused by a
too large discharge of fluid from the nozzle and so the vortex ring cannot entrain
all the fluid with it. Consequently, when the stroke ratio increases, the circulation
of the vortex ring first increases, but when the stroke ratio reaches the ’formation
number’, the circulation remains constant. Figure 2.10 reproduced from Gharib
et al. (1998) shows this evolution of the circulation versus the stroke ratio. Gharib
et al. (1998) also provided a theoretical explanation about the number 4 using the
Kelvin-Benjamin variational principle and the energy as the determining factor.
Linden and Turner (2001) also focused on the ’optimal’ vortex ring (i.e vortex ring
that has a maximum impulse, circulation and volume for a minimum input energy),
and reached the same conclusion as Gharib et al. (1998) about a ’formation number’
of around 4. However, they claim, in contrast to Gharib, that the determining factor
is the volume instead of the energy.
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Figure 2.10: Evolution of the circulation versus the stroke ratio (Gharib et al., 1998).
2.2 Interaction of a vortex ring with a surface
This section focuses on the interaction of a vortex ring with a boundary which
may be a wall or a liquid-liquid interface. The case of a wall have been widely
investigated, both numerically and experimentally (Walker et al., 1987; Orlandi and
Verzicco, 1993; Chu et al., 1995; Cheng et al., 2010; Xu and Wang, 2013). These
studies are reviewed in the first subsection, followed by the second subsection which
focuses on the case of a liquid interface.
2.2.1 Rigid boundary
Numerous numerical and experimental studies have been carried out to investigate
the flow resulting from the impact of a vortex ring on a wall (Orlandi and Verzicco,
1993; Chu et al., 1995; Cheng et al., 2010). The evolution of a vortex ring impacting
a wall may be divided into two stages. In the first stage, the vortex ring slows down
and its diameter increases while it gets closer to the wall. These two observations
are the result of the wall which acts like a mirror (Walker et al., 1987). Then, when
22
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the vortex ring impacts the wall, three important changes happened to the vortex
ring:
• Formation of a secondary, and even a tertiary vortex ring if the Reynolds
number is sufficiently high,
• Rebound of the vortex ring from the wall,
• Radial expansion of the vortex ring until a maximum diameter is reached.
Walker et al. (1987) explained the process that leads to these three events. First,
he explained that the approach of the vortex ring induces an adverse pressure
gradient close to the wall because of a sudden increase of the tangential velocity
near the wall; thus, causing a drop in pressure underneath the vortex core. It results
in a recirculation and a separation of the boundary layer (see Riley, 1975). It is
this separation that causes the formation of a secondary vortex ring of opposite
circulation to that of the primary vortex ring. A schematic diagram of this process
is presented in Figure 2.11.
Once the secondary vortex ring is formed, it "orbits" around the primary vortex
ring with an induced velocity of opposite sign. As the secondary vortex ring moves
toward the center of the ring, it develops azimuthal instabilities (see Figure 2.12).
Concurrently, the primary vortex ring is observed to rebound and its diameter stops
increasing because of the interaction between the primary and secondary vortex
rings. The motion of the primary vortex ring due to the induced velocity of the
secondary vortex ring can be explained with Biot-Savart law.
With sufficiently high Reynolds number of the primary vortex ring, a tertiary
vortex ring is also produced by the induced velocity of the primary vortex ring in
23
Chapter 2. Literature review
Figure 2.11: Schematic diagram of the formation of a secondary and tertiary vortex ring,
this diagram was published by Walker et al. (1987).
Figure 2.12: Azimuthal instabilities (Xu and Wang, 2013).
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the same manner as in the generation of the secondary vortex ring. However, the
tertiary vortex ring is usually too weak to induce a second rebound of the primary
vortex ring. Also, the primary and secondary vortex rings become too weak to
induce another vortex ring. This phenomenon has been observed experimentally
by Walker et al. (1987); Lim (1989); Chu et al. (1995) and numerically by (Cheng
et al., 2010; Orlandi and Verzicco, 1993; Chu et al., 1995). Figure 2.13 shows the
evolution of the vortex ring impacting a wall obtained by Cheng et al. (2010) using
Lattice Boltzmann method for a Reynolds number of 500 and a normal incidence.
The salient flow structures observed experimentally are captured numerically by
Cheng et al. (2010).
Figure 2.13: Evolution of a vortex ring impacting a wall, obtained with the Lattice Boltzmann
method (Cheng et al., 2010).
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2.2.2 Liquid-liquid interface
Linden (1973) carried out an experiment to study the behavior of a vortex ring
impacting a strong density interface. The interface is composed of two liquids: pure
water as the upper liquid and a mixture of water and salt as the lower liquid. The
vortex ring is generated, at the top of the tank, in the upper liquid, and propagates
downward. Flow visualizations are conducted to measure the depth of the maximum
penetration of the ring and the diameter of the region of contact. These variables
were found to be mainly functions of the Froude number. Linden (1973) proposed
a theoretical model which suggests that the depth of the maximum penetration
divided by the diameter of the vortex ring is proportional to the square of the Froude
number (see equation 2.16).
hm
D




where hm is the depth of the maximum penetration, D is the diameter of the
ring ﬂ1 is the density of the lower liquid and U is the propagation velocity. The
above equation is consistent with the experimental results.
Later, Dahm et al. (1989) conducted similar experiments but focused more on
the interaction dynamics. In this study, two dimensionless parameters, the Atwood
number (A) and the inverse Froude number (RL), are studied. The Atwood number
gives the dimensionless density jump across the interface and is defined as:
A =
----ﬂ1 ≠ ﬂ2ﬂ1 + ﬂ2
---- (2.17)
where ﬂ1 and ﬂ2 are the density of the lower and upper liquid respectively. The
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Froude number represents the ratio of the hydrostatic to hydrodynamic pressure









The results showed that the interaction dynamics are very similar for a constant
◊ (i.e. ◊ = A ◊ RL), despite different values of A and RL. Figure 2.14 compares
two experiments with different A and RL and same ◊. From this figure, it can
be seen that the interactions are very similar even though the parameters A and
RL between the two experiments are quite different. This suggests that ◊ is a key
parameter to describe the interaction of vortex rings with a liquid-liquid interface.
Furthermore, Dahm et al. (1989) proposed a theoretical model which shows that in
the Boussinesq’s limit (Aæ 0) and for a negligible surface tension, the interaction
is "determined by the single non-dimensional parameter" ◊.
Figure 2.14: Comparison between two different cases of vortex ring interaction with a very
close ◊. On the left ◊ = 1.20 and on the right ◊ = 1.27 (Dahm et al., 1989).
The range of ◊ studied by Dahm et al. (1989) was between 0.014 and 1.19.
With ◊ = 1.19, the vortex ring is found to barely penetrate the interface and the
interaction is similar to the one observed in the case of a solid wall: generation of a
27
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secondary vortex ring, rebound, azimuthal instabilities, etc. However, for a much
lower value of ◊, the ring penetrates more deeply and the fluid seems to be expelled
in a way comparable to "the peeling back of successive layers of an onion" (Dahm
et al., 1989) (Figure 2.15).
Figure 2.15: Vortex ring interaction for ◊ = 0.014 (Dahm et al., 1989).
Stock et al. (2008) carried out numerical simulations on the vortex rings impinging
an interface for ◊ ranged from 0 to 3. The study also highlighted that the formation
of a secondary vortex ring in the case of high ◊ was due to the pressure gradient on
the disturbed interface. Also, it is shown that for a ◊ higher than 0.3, the vortex
ring does not penetrate the interface. Thus, it is the limit between relatively weak
density layers and strong density interface interaction. The present study focuses
on strong density interface interaction and therefore all the values of ◊ used in the





This chapter describes the experimental setup and procedures used in this study. As
introduced in the literature review, there are various methods of generating vortex
rings. The apparatus used for the present study is a piston-cylinder arrangement.
This method has two important advantages, i.e. the generating parameters can be
controlled precisely and the experiments are repeatable.
The first section of this chapter describes the vortex ring apparatus and the
vortex generating parameters selected for this study. This is followed by the second
section which discusses the choice of the liquid interface. These two sections
introduce all the experimental details to produce a vortex ring/ liquid interface
interaction. To investigate this interaction, dye flow visualization and PIV (Particle
Image Velocimetry) techniques were used. The dye visualization allows not only
the dynamics of the interaction to be observed, it can also provide quantitative
data, such as the highest point of the deformed interface or the trajectory of the
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vortex cores. The experimental setup and video processing for the dye visualization
are detailed in the third section of this chapter. As for the flow field measurement
using PIV techniques, it allows the vorticity field and circulation to be determined.
Details of the PIV measurements are presented in the last section of the chapter.
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3.1 Vortex ring apparatus
3.1.1 Geometrical characteristics
Figure 3.1 shows a schematic diagram of the vortex ring apparatus. This apparatus
is used for both dye visualization and PIV experiments. The main part of the vortex
ring apparatus is a cylindrical tank which contains the liquids. The height of the
cylindrical tank is 400 mm and its inner diameter is 190 mm. A nozzle is linked to
the tank by an opening situated at the center of its base. Inside the nozzle, there is
a piston which moves vertically. The piston is driven by an electric motor via a ball












Figure 3.1: Schematic diagram of the vortex ring apparatus.
Figure 3.2 shows the schematic drawing of the circular nozzle. One extremity of
the nozzle is linked to the tank and has a diameter of 20 mm. The second extremity
has a diameter of 29.4 mm. The piston is moving inside the lower section of the
nozzle to drive the liquid out of the nozzle.
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Figure 3.2: Schematic diagram of the nozzle
Since the piston diameter (Dp) is larger than the nozzle "exit" diameter (Dn),





Similarly, the length of the fluid column expelled from the end of the nozzle (Ln)




Also, the apparatus was set up carefully to make sure that the nozzle is orthogonal
to the ground. This ensures that the vortex ring generated by the nozzle impacts the
interface orthogonally. The quality of this orthogonality is particularly important in
PIV measurements in order to obtain accurate results.
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3.1.2 Generation of vortex rings
The displacement of the piston can be controlled accurately via Labview programs.
The piston displacement follows a fixed velocity profile: the piston first travels with
a constant acceleration of 500 mm.s≠2 until it reaches a preset maximum velocity.
Then, the piston continues at this maximum velocity until it reaches a preset
distance. Therefore, there are two parameters controlling the piston displacement:
the maximum velocity (Umaxp ) and the travelled distance (Lp).
One example of the velocity profile used in this study is presented in Figure 3.3.
The maximum velocity are preset at 60 mm/s and the traveling distance is 18.51
mm.



























Figure 3.3: Profile of the velocity of the piston commanded by the programs. This profile is
for a maximum speed of 60 mm/s and a travelling distance of 18.51 mm.
The parameters (Lp and U
max
p ) chosen for the present study are presented in
the two first columns of Table 3.1. These parameters are selected to ensure that all
vortex rings generated are laminar and have no trailing jet behind. Also, they are
chosen to cover a broad range of strong density interface interaction dynamics (i.e
◊ > 0.3, more details are given in the section about the interface).
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These two parameters (Lp and U
max
p ) determine the stroke ratio (L/D or Ln/Dn)
and the maximum velocity of the fluid ejected from the nozzle (Un). This maximum
fluid velocity at the exit of the nozzle is denoted Un instead of U
max
n in order to be











The parameter Un is presented in the third column of Table 3.1.
However, the two parameters (Un and L/D) are insufficient to determine entirely
the vortex rings generated by the vortex ring apparatus. Glezer (1988) showed that
the program (i.e. the type of profile) used to produce a vortex ring has an impact
on vortex ring parameters, such as the circulation. Thus, he proposed another





where Un and U2n are the time average of Un and U
2
n respectively (see Figure
3.3). Glezer (1988) showed that the relation of Γ/‹ and PUnLn/‹ is linear and
independent of the stroke ratio. In fact, the program factor takes into consideration
that the transition period is not always negligible and for the present experiment,
they are presented in the last column of Table 3.1.
Since the generating parameters are known, the slug circulation and the Reynolds
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L/D Up (mm/s) Un (mm/s) Program factor
40 90 1.06
50 112.5 1.08
2 60 135 1.12




3 50 112.5 1.06
60 135 1.08
(Lp = 27.77 mm) 70 157.5 1.11
80 180 1.14
Table 3.1: Generating parameters.







where L is the length of the liquid column expelled from the nozzle.

















where Tf is the time taken by the piston to travel the distance Lp. As the profile
of the piston velocity (Up) is known, the slug circulations can be calculated via
equation 3.2. The slug circulations and the theoretical Reynolds number of each






Chapter 3. Experimental setups and methodology










3 60 37.2 3710
70 42.7 4250
80 47.8 4770
Table 3.2: Slug circulation and theoretical Reynolds number of the vortex rings.
3.2 Liquid interface
For all experiments, the interface was situated at 150 mm above the nozzle which is
more than the required distance for the vortex ring to reach an equilibrium state
(see Didden, 1979).
For the present study, the interface is formed by water and silicone oil. The
silicone oil is KF-96L-10cs purchased from the company, ShinEtsu. The properties









Water 1 0.892 1.33 71.97
KF-96L-10cs 0.935 10 1.40 20.1
Table 3.3: Properties of water and silicone oil, KF-96L-10cs, at 25¶C, provided by the
supplier (Shin-Etsu Silicone, 2012).
The differences of liquid properties across the interface have a significant effect
on the vortex ring/interface interaction. The most important dimensionless variable
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To describe the dynamic of the vortex ring impacting the interface, Dahm et al.
(1989) and Stock et al. (2008) introduced the non-dimensional Boussinesq coefficient
◊. As seen in the literature review, this number is the product of the Atwood number
and the inverse Froude number (RL):






Figure 3.4 shows the dimensionless number ◊ versus the maximum piston velocity for
different stroke ratios. It can be seen from this figure that this number ranges from
0.50 to 2.56, which can be considered a strong density interface interaction dynamics;
since for a ◊ greater than 0.3 the vortex ring does not penetrate the interface (Stock
et al., 2008). Therefore, the choices of the vortex ring generating parameters and
interface described in section 3.1 and 3.2 are justified by the objective of this study
to examine the vortex ring/strong density interface interaction.
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Stroke ratio of 2
Stroke ratio of 3
Figure 3.4: ◊ versus the maximum piston velocity for the length stroke of 2 and 3.
3.3 Dye flow visualization
This section describes the experimental setup and procedures of dye flow visualization.
The camera and dye used for this experiment are presented, and the method to
analyze, frame by frame, the images recorded by the camera are explained.
3.3.1 Dye
The dye is released slowly at the top of the nozzle through two tubes (see Figure 3.1)
which are situated at the external edge of the nozzle and opposite to each other. A
red food dye is used for the experiment. It is previously diluted to make its density
closer to the water density, this way the dye does not disturb the flow.
3.3.2 Video camera
Flow images were captured using Nikon D7000 SLR camera with video recording
function. The resolution is set at 1920 ◊ 1080, the frame rate is fixed at 24 fps
(frame per second). A Nikon lens of 105mm is used. During the experiment, the
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camera shutter speed and ISO are set at 1/800s and 160, respectively.
3.3.3 Procedure
Before running the experiment, few ’housekeeping’ work has to be done. First, the
water inside the tank has to be changed regularly to obtain a good contrast between
the vortex ring and the surrounding fluid. Also, the interface has to be at the same
height from the nozzle for each experiment in order to make meaningful comparisons.
Finally, the position of the camera is lined up with the interface so that it appears
horizontal on the images.
Before experiments, an image of a ruler placed vertically at the center of the
tank is captured for calibration purposes (one calibration for each liquid).
3.3.4 Video processing
Processing of video images were performed in two stages. The first processing stage
derives the vortex ring dynamics, and the second processing stage focuses on the
interface deformation. Both video processing used the softwares, Fiji and Matlab.
Fiji is an image processing software, used to extract the numerical data from the
images and Matlab is used to analyse these numerical data.
3.3.4.1 Evolution of vortex ring cores
The centres of the two vortex ring core sections are measured frame-by-frame. These
measures are processed using Matlab to obtain the core trajectories, the evolution
of the diameter and propagation velocity.
On the trajectories of vortex rings, they may not always be perfectly vertical
due to minor variation in the concentration of the dye. Although the angle between
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the trajectory of the vortex ring and the normal of the interface is always very small
(i.e. it does not exceed 5¶), the code provides a correction so that the vortex ring
trajectories of different run can be compared accurately.
When the vortex ring first appears inside the frame, its diameter and propagation
velocity remain constant for around seven images (i.e. approximately 0.3 s). The
initial diameter and propagation velocity are calculated using these images. These
quantities will be used to normalize the other measured or calculated quantitates.
The uncertainty of this method is due to the image resolution and the accuracy
of the points measurement. The image resolution is of 0.067 mm/px and the points
of the vortex ring core sections are measured with an uncertainty of 4 pixels (i.e
0.27 mm).
3.3.4.2 Interface deformation
To study the interface deformation due to vortex rings, two variables are analysed:
the highest point of the deformed interface and the volume of the silicone oil displaced
by the vortex ring. This section explains how these two variables are acquired.
Figure 3.5a is an image of a vortex ring impacting the interface, the sharp
contrast between the upper liquid and the vortex ring is used to obtain the interface
contour. After processing the image with Fiji, the contour is accentuated (see Figure
3.5b), then XY coordinates of all black pixels can be exported to a file. Finally, this
file is analysed, using Matlab, to obtain the contour of the interface and the highest
point of the deformed interface. This method allows to obtain the contour of the
interface very accurately (the incertitude is of only 2 pixels or 0.13 mm) except for
the part of the contour close to the interface. In fact, the part of the contour which
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is at less than 0.8 mm from the interface that can not be obtained.
(a) Frame of a vortex ring before post-processing, (only the contrast of the image is
improved).
(b) Frame after the post-processing using Fiji.
Figure 3.5: Image processing of the deformation interface.
In order to estimate the volume of silicone oil displaced by the vortex ring, each
contour is fit with a polynomial function. The curve of this function is forced to
have a vertical axis of symmetry. This axis has to cross the curve at its maximum.
This restriction helps to fit correctly the interface contour and the fit curve is more
likely to be physical. The basic idea of the code to is to fit the contour with four
models. The four models are listed below (all four functions are even functions due
to the symmetry condition imposed):
y = a + bx2
y = a + bx2 + cx4
y = a + bx2 + cx4 + dx6
y = a + bx2 + cx4 + dx6 + ex8
(3.3)
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Then, the code selects the polynomial functions that cross the x-axis, polynomial
functions that do not cross the x-axis have no physical meaning. The selected
functions are compared to each other based on the coefficient of determination.
Finally, the one with the best coefficient of determination is selected if this coefficient
exceeds 0.99. This last requirement ensures accurate fitting of the interface.
Once the contour is fitted with a polynomial function, the volume displaced by










ﬁx2f Õ(x) dx (3.5)
The equation 3.5 is computed in Matlab to obtain the evolution of the volume.
Figure 3.6: Schematic diagram of the interface deformation contour.
The uncertainty of this method comes from the uncertainty of the contour
mainly since the function is forced to fit the contour very well (the coefficient of
determination exceeds 0.99) and the integration is exact. Also, the incertitude of
this method depends strongly on the volume calculated: the incertitudes are lower
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for higher volumes.
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3.4 Particle Image Velocimetry
PIV experiment is performed to acquire quantitative information that cannot be
provided by dye flow visualization, such as the velocity field, vorticity field and
circulation. The main idea of PIV is to capture two images (image A and image B)
of the seeding particles situated in a plane. By analysing the two images with an
adaptive correlation, the displacements of the particles and thus the velocity field
can be obtained. The experiment is carried out with the same vortex ring apparatus
and generating parameters as those used for dye flow visualization.
This section first presents the three essential PIV components: laser, CCD
camera and seeding particles. Then, the alignment and synchronisation procedures
are explained, these two procedures are crucial for accurate measurements. Finally,
the data processing method is described.
3.4.1 Components of the system
3.4.1.1 Laser
A Q-switched Nd:YAG laser with double-cavity (Quanta system, PILS) is used for
the experiment. Each cavity is composed of a flash lamp which excites the cavity and
a YAG crystal. It produces a beam with a wavelength of 1064 nm, the wavelength is
then halved to 532 nm since cameras are usually more sensitive to green light than
infrared radiation.
The laser can emit high energy pulse during a very short period (5 ns). The
Q-switch fires 170 µs after the flash lamp. Two parameters are controllable: the
period between the Q-switch of the two cavities and the pulse repetition rate. The
period between the Q-switches is also the period between image A and image B
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captured by the CCD camera, this period is written ”t.
3.4.1.2 CCD camera and interrogation areas
The images is captured by CCD camera (PixelFly). This camera can provide
instantaneously digital information of the particles positions. The CCD camera
records two frames within a short time ”t: the initial and the final positions of
the seeding particles, and they are subsequently transferred to a computer. The
resolution of the camera is 1024◊1360 and the pixel pitch is 6.45 µm.
A Zeiss lens of 85 mm of focal length and an aperture of f/2 is used to minimize
the depth of field. This high quality lens does not distort the images.
In the PIV processing software, each frame is divided into interrogation areas.
For adaptive correlation, interrogation area of 32◊32 is a good compromise between
velocity dynamic range and spatial resolution. Also, interrogation areas are over-
lapped at 25 % in order to get more velocity information from the images. Figure
3.7 is a schematic representation of interrogation areas of 32◊32 with an overlapping
of 25 %. The second advantage of the overlapping is to add vectors in the vector
map, the number of vectors composing the vector maps is:
Nvectors =
1024
(1≠ 0.25)◊ 32 ◊
1360
(1≠ 0.25)◊ 32 ¥ 42◊ 56 = 2352
As the spatial resolution is derived from the number of vectors, the number of
vectors determines the flow structures, such as eddies, that can be determined in
the vector maps. To capture a flow structure, at least 4 vectors are needed. In the
present experiment, the smallest structure that can be captured has to be at least
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The seeding particles chosen for the present study are hollow glass spheres of 10 µm
of diameter. Particles need to be neutrally buoyant in water. Also, they have to
cover at least three pixels which is possible even with a scale of about 0.09 mm/px2
since they scatter light from the laser and appear much larger on the frame than
their real size. When particles cover at least three pixels, the use of the sub pixel
interpolation is possible so that the particle positions can be estimated with a better
accuracy. Also, to obtain unbiased average particle displacements, each interrogation
area has to contain at least five particles when the adaptive correlation method is
used (FlowMap User’s Guide, 2000).
1One interrogation area represents 3.4×3.4 mm in the real image. Therefore, with the overlapping
of 25 %, 4 vectors are calculated in a square of 6×6 mm
2(FlowMap User’s Guide, 2000)
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3.4.2 Preparation of the setup
3.4.2.1 Alignment
Alignment of the laser is an important process as it determines the plane that is
illuminated and the images captured by the camera. In the present study, this plane
is vertical and aligned with the centre of the nozzle. As the apparatus was carefully
set up to have the nozzle perfectly vertical, the illuminating plane intersects the
center of the vortex ring at every moment of its displacement.
To ensure that the laser is aligned with the center of the nozzle, the light sheet is
guided though a vertical slit of 2 mm at the center of one of the sides of the vortex
ring apparatus, and is required to illuminate the vertical line drawn previously at
the center of the opposite side. Figure 3.8 shows the two planes concerned: the
plane illuminated by the laser (green lines) and the plane that contains the centre
of the nozzle and the slit (blue lines). These two planes have to coincide.
Laser
Figure 3.8: Schematic diagram of the vortex ring apparatus, laser and camera alignment.
Further, the camera has to be properly aligned, and orthogonal to the illuminating
plane. To achieve that, a spirit level and a T-square were used. In Figure 3.8, the
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plane represented by the red lines is orthogonal to the green plane.
3.4.2.2 Synchronization
The synchronization of the laser, CCD camera and motor is controlled via LabView
at a frequency of 100 kHz. Two periods are important to synchronize: the period
between two vector maps (T ) and the period between image A and image B (”t).
Both periods are presented in Figure 3.9 which shows a synchronization scheme of










Figure 3.9: Schematic diagram of the laser and camera synchronisation, T is the period
between two vector maps and ”t is the period between the frames A and B.
The period between two vector maps (T ) cannot be lower than 250 ms because
of a constraint posted by the camera. However by delaying the motor three times
(i.e 0 ms, 84 ms and 168 ms), 12 images per second can be achieved for every set of
experiments.
The period between image A and image B (”t), which also corresponds to the
time interval between two light pulses, determines the velocity dynamic range. The
velocity dynamic range corresponds to the range of particles velocity that can be
accurately captured. For a good velocity dynamic range, the maximum velocity
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needs to be approximately 25 % of the side of the interrogation area (FlowMap
User’s Guide, 2000). Since the size of the interrogation area is fixed, the velocity
dynamic range depends only on ”t. Also, the maximum velocity of the particles
depend only on the propagation velocity of the vortex ring. Table 3.4 presents the
”t for the flow conditions used in the present study.
Generating Up (mm/s) 40 50 60 70 80 90
parameters L/D 2 3 2 3 2 3 2 3 2 3 2
”t (ms) 25 21 21 18 18 15 16 13 14 12 13
Table 3.4: Periods between image A and image B (i.e. ”t) based on different values of Up
and L/D.
3.4.3 Data processing
Each pair of images captured by the CCD camera is processed using DynamicStudio
software to obtain a vector map of the flow velocities. This process performs two
analyses: adaptive correlation and filtering. Also, each set of experiment (i.e. same
Lp, Up and delay of the motor) are repeated 20 times for subsequent ensemble
averaging to minimize the noise.
3.4.3.1 Adaptive correlation
Adaptive correlation method is used to analyse the image pair to obtain the velocity
field. The options are listed below:
Refinement: The interrogation area size is reduced by half at each refinement step
until the interrogation size of 32 ◊ 32 is reached. The number of refinement
used is 3 which means that the initial interrogation area size is of 256 ◊ 256.
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Peak-height validation: this validation removes the vector which has a signal-to-
noise ratio that does not exceed 1.2.
Velocity-range validation: since the range of the velocities is known approxi-
mately, the calculated vectors which are not within this range are rejected.
Neighborhood validation: this validation rejects vectors too different from their
neighbours. The maximum allowable percentage is set at 15 %.
High accuracy sub pixel refiner: this option increases the precision of the par-
ticle positions.
Deforming window: this option minimizes the error of particle displacements.
3.4.3.2 Filtering
After the velocity field is obtained with the adaptive correlation, moving-average
filter is applied to reduce the noise by substituting each vector with a weighted
average of the surrounding vectors. This filter is recommended especially when
derived quantities need to be calculated.
3.4.3.3 Ensemble averaging
To reduce the random noise, each experiment are repeated 20 times to obtain 20
vector maps of the same flow conditions. These 20 velocity fields are subsequently
ensemble averaged.
A verification is conducted to verify whether averaging 20 vector maps is sufficient
to reduce the noise to the required level. The verification method used is based
on Cavazzini et al. (2012). It focuses on one particular point of the flow at one
precise instant: the point is taken between the two cores when the vortex ring is
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close to the interface. It consists in plotting the convergence history, according to













Ci(x, y)≠ CNmax(x, y)
22 (3.6)
where Cj(x, y) is the absolute velocity at the coordinates (x, y) of the flow field
j, Ci(x, y) is the average of these velocities over i flow fields and ‘N (x, y) is the
standard deviation. Nmax is equal to 40.
This verification is conducted on a flow created by a high Reynolds number vortex
ring since the noise is more likely to be a bigger issue for this case. To do this, the
same experiment is repeated 40 times. Figure 3.10 represents CN (x, y)/CNmax(x, y)
and ‘N (x, y) versus N .
































CN / CN m a x
Figure 3.10: Convergence history of CN (x, y)/CNmax(x, y) and ‘N (x, y) versus the number
of flow fields, N .
It can be observed from figure 3.10 that at N = 20, Ci(x, y) and ‘N (x, y) have
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converged. Since the test is conducted at high Reynolds number, it is reasonable to
assume that ensemble averaging 20 vector maps is sufficient to reduce the noise of
this experiment and proves that the waiting time is sufficiently long, the error in
each run is random and not affected by residue noise. Besides, this figure suggests
that the error on the velocity field will never exceed 3%.
3.4.3.4 Vorticity and circulation calculation
Vorticity and circulation are two important variables for the present study. Both
of them can be derived from the velocity fields measured by PIV. Vorticity can be
obtained easily with the function curl in Matlab. One of the outputs of this function
is the curl of z-component. Accordingly to Fouras and Soria’s work (1998), the
uncertainty of this method can be decomposed into a bias error and a random error
which are dependant on the normalized spatial sampling separation of the velocity
data ”/L (” is the velocity sampling separation: 24 pixels and L is the characteristic
length scale of the vorticity distribution: 15.2 mm or 143 pixels). The normalized
spacial sampling separation of the velocity data of this study is quite low (0.167)
which guarantees low random and bias error (around 4% of error for the vorticity
peak) (Fouras and Soria, 1998).
Regarding the vortex ring circulation, it can be calculated either using the
vorticity field (equation 2.10), or velocity field (equation 2.11). These equations are











L is any closed loop that contains one of the cores of the vortex ring and Σ is
the surface bounded by this loop. In practice, L is chosen to be a rectangle with
one side that coincides with the symmetrical axis, and Σ is the surface within the
contour of a predetermined level of vorticity.
Both formulae are used in this study to calculate the circulation. Whenever
possible, the equation 3.7 (i.e. the contour integral of the velocity) is preferred
because of its simplicity of computation and its precision (Fouras and Soria, 1998).
However, this method is not suitable when there are some perturbations (such as
secondary vortex ring or interface) nearby the vortex ring. Therefore, the first
method is only used to calculate the initial circulation Γ0 of an isolated vortex ring
far away from the interface. The incertitude of this method is very low, less than 3%
(Fouras and Soria, 1998). The second method is used to calculate the circulation
evolution during the interaction.
Regarding the second equation (i.e. the surface integral of the vorticity), the
choice of the contour level is tricky. Gharib et al. (1998) proposed to use the contour
which is the "lowest detectable contours of either positive or negative sense". In this
study, to obtain the circulation evolution of one vortex ring during its interaction
with the interface, first a vorticity contour level, based on Gharib’s criterion, is
chosen when the vortex ring is still far from the interface. The circulation calculated
with this contour is then compared to the circulation obtained with the first method
(this method is indeed more reliable in this case since the vortex ring is far from
the interface). The incertitude of this second method is higher. This is way the
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difference between both circulations is required to be within 5% before this vorticity





The experimental results are presented and discussed in this chapter. The first
section focuses on the three initial parameters of the vortex rings generated in
this study. These parameters are the diameter, the propagation velocity and the
circulation of the vortex rings prior to the interaction with the interface.
The second section presents a dimensionless number, ◊, which was first introduced
by Dahm et al. (1989). This number is observed to be a good parameter to predict
qualitatively the interaction of a vortex ring with a liquid interface.
In the third section, the vortex ring kinematics is investigated. To do this,
the trajectories of the vortex ring cores and evolutions of diameter, velocity and
circulation are studied.
The fourth section deals with the interface deformation due to the impact of a
vortex ring. The highest point of the deformed interface and the volume of silicone
oil displaced by the vortex ring are studied.
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4.1 Initial vortex ring parameters
This section presents the initial diameter, propagation velocity and circulation of
the different vortex rings generated for this project. The results are compared with
those in the literature to demonstrate the accuracy of the present experiments.
4.1.1 Vortex ring propagation velocity
Figure 4.1 shows the initial propagation velocity of the vortex ring normalized by
‹/Dn as a function of the Reynolds number at the nozzle (UnDn/‹) for two stroke
ratios (i.e. stroke ratio 2 and 3). The results, which are obtained using the dye flow
visualization experiment show that the initial propagation velocity for each stroke
ratio increases linearly with the Reynolds number at the nozzle (see Figure 4.1).
They can be approximated by two linear curves of different slopes, namely 0.38 for a
stroke ratio of 3 and 0.32 for a stroke ratio of 2. This suggests that the propagation
velocity also increases with the stroke ratio; about 19 % difference between the
stroke ratios 2 and 3.
The slopes of the two fitted line (0.32 and 0.38) can be compared to the model
developed by Shusser and Gharib (2000). This model is based on the Benjamin-
Kelvin variational principle, it leads to the equation 4.1. This equation shows that
the ratio between the propagation velocity of the vortex ring and the expelled fluid









The two experimental points of the present study (0.32 and 0.38) are also added
to Figure 4.2 which shows the models proposed by Guehler and Sallet (1979) and
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Stroke ratio of 2




0.999 y = 32x
R-square = 0.999
Figure 4.1: Propagation velocity normalized by ‹/Dn as a function of the Reynolds number
at the nozzle for stroke ratios 2 and 3.
Shusser and Gharib (2000) and the experimental results obtained by Gharib et al.
(1998). It can be seen from this figure that the present results are in good agreement
with those obtained by Gharib et al. (1998).
4.1.2 Vortex ring diameter
Figure 4.3 shows the initial diameter of the vortex ring divided by the diameter
of the nozzle as a function of the Reynolds number UnDn/‹ for the two stroke
ratios of 2 and 3. Similarly, these results are obtained using dye flow visualization
experiment. This results suggest that the diameter is insensitive to this Reynolds
number. However, it depends strongly on the stroke ratio. As shown in Figure 4.3,
the average diameter ratio (1.72) for a stroke ratio of 3 is higher than the average
diameter ratio for a stroke ratio of 2 (1.52) of about 13%.
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Gharib et al. (1998)
Exp. Points
Figure 4.2: Comparison of the propagation velocity obtained in this project with Gharib’s
experimental results and the two theoretical models proposed by Shusser and Gharib (2000)
and Guehler and Sallet (1979).
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Figure 4.3: Diameter of the vortex ring divided by the diameter of the nozzle as a function
of the Reynolds number at the nozzle for stroke ratios 2 and 3.
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As mentioned in the Literature review, Auerbach (1988) proposed two equations












)1/5 for 1 Æ Ln/Dn Æ 3.3
A plot of these two equations is shown in Figure 4.4. The two experimental
points of this study are added in this figure as well. It can be seen in this figure that
the results are in good agreement with the equations proposed by Auerbach (1988).
























Figure 4.4: Diameter of the vortex ring as a function of the stroke ratio.
4.1.3 Vortex ring circulation
Circulation is derived from the velocity fields obtained by PIV. Figure 4.5 presents
the initial circulation of vortex rings divided by ‹ versus the Reynolds number
UnDn/‹ for the two stroke ratios of 2 and 3. The figure shows that the circulation
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increases with both the Reynolds number and with the stroke ratio. However, the
circulation and the Reynolds number (nozzle) is not linear. The experimental points
are fitted with two second degree polynomial functions; both are forced to pass the
origin.






















Stroke ratio of 2
Stroke ratio of 3
Fitted lines
Figure 4.5: Circulation divided by ‹ versus Reynolds number at the nozzle (UnDn/‹) for
the stroke ratios of 2 and 3.
There are two methods to check the accuracy of these results. First, the ratios of
the circulations and the slug circulations can be compared with previous experimental
results (Lim and Nickels, 1992) and two theoretical models. The two theoretical
models are the Didden’s correction of the slug model and the self-similarity theory
(Pullin, 1979). As pointed out in the literature review, self-similarity theory is more
accurate for high Re (Re 104) and Didden’s correction is more accurate for low Re
(Re 103). The experimental results and theoretical models are presented in Figure
4.6. The experimental results of the present study fall in-between the two theoretical
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curves and are in good agreement with the experimental results obtained by Lim
and Nickels (1992).






















Points of this study
Lim and Nickels (1992)
Figure 4.6: Circulation over slug circulation versus stroke ratio.
In the second method to check the accuracy of the results, the Reynolds number
(Γ/‹) and PRen are compared to each other (Figure 4.7). P is the program factor









Glezer (1988) showed that Γ/‹ and PRen should follow a same line that does
not depend on the stroke ratio or velocity profile of the piston. As can be seen
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This result is in good agreement with Glezer’s observations.

















Stroke ratio of 2
Stroke ratio of 3
Fitted line
R-square = 0.988
Figure 4.7: Reynolds number (Γ/‹) versus the program factor times the Reynolds number
related to the generation condition, Ren.
Also, it is interesting to know the location where the vortex rings generated
are situated in the transition map proposed by Glezer (1988). Figure 4.8 presents
the experimental points and the two boundaries of the transition map, the graph
is on logarithmic scale. This figure shows that the vortex ring generated in the
present study are laminar. The experimental points are actually quite far from the
boundaries which is desirable because vortex rings that are nearer to the boundary
are less stable and more likely to have trailing jet appearing behind them.
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Figure 4.8: Vortex rings used in this study in the transition map created by Glezer (1988)
with the two transition boundaries.
4.1.4 Summary on the analysis of the three initial parameters (D,
U , Γ)
In this last subsection, the relation between the three parameters of an isolated
vortex ring are presented. Γ/‹ as a function of UD/‹ is shown in Figure 4.9 for
the stroke ratios 2 and 3, they correspond to two Reynolds number definitions of
an isolated vortex ring: Γ/‹ is related to the rotational motion of the vortex ring
and UD/‹ is related to the translational one. As can be seen from this figure, the
relation between these two Reynolds numbers depends on the diameter of the vortex
ring (or stroke ratio). This suggests that considering only one dimensionless number
corresponding to either rotational or translational motion of the vortex ring can
not be sufficient to define the state of the vortex ring. As a result, the state of the
63
Chapter 4. Results and discussions
interaction between a vortex ring and an interface cannot be entirely determined
by one dimensionless number since both the rotational and translational motions
of vortex ring affect the interface. In the section 4.3 of this chapter, it will be seen
that two suitable dimensionless numbers to define the state of the interaction are
the Froude numbers associated to the rotational motion and the one associated to
the translational motion of the vortex ring.


















Stroke ratio of 2 (D = 3.04 cm)
Stroke ratio of 3 (D = 3.44 cm)
Figure 4.9: Γ/‹ as a function of UD/‹ for the stroke ratios of 2 and 3. These two parameters
correspond to two Reynolds number definitions of an isolated vortex ring.
In this first section, the three initial vortex ring parameters (i.e. diameter,
propagation velocity and circulation of isolated vortex rings) have been presented as
a function of the vortex ring generating parameters (L/D, Un, PRen). Also they
have been compared with previous experimental results or theoretical models, and
they are found to be satisfactory, thus indicating the accuracy of the measurements.
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4.2 Interaction dynamics: the non-dimensional Boussi-
nesq coefficient θ
Interactions of a vortex ring with liquid interface can produce different effects on the
flow structure and interface depending on the vortex ring parameters (i.e. diameter,
propagation velocity and circulation) and interface characteristics (i.e. Atwood
number, surface tension, thickness of interface). In the literature review, two very
different examples of these interactions are presented: the first example shows a
"peeling back" of the vortex ring layers while the second example shows an interaction
very close to the vortex ring/wall interaction. Therefore, with such a broad range of
interaction dynamics, it is interesting to find a governing parameter that can predict
at least qualitatively the dynamics, for any liquid interfaces.




where A is the Atwood number and g is the gravitational acceleration. They did
several experiments with different vortex ring parameters and different density jump
across the interface. And they showed that for two interactions with different density
gradient, the interactions are very similar for experiments with similar ◊. So, this
number seems to be a good parameter to predict approximately the interaction.
However, Dahm et al. (1989) only used similar interfaces formed by water and salt
water, and the density gradient is modified by changing the concentration of salt in
the salt water.
Therefore, their experiment does not prove that ◊ can be used to compare
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interactions with different interfaces (for instance sharper interface and greater
surface tension). This section examines to what extend ◊ can be used to predict
the interaction. To do this, a test of similarity applied to the present study is first
carried out. After that, a comparison between the results of this project and those
obtained by Dahm et al. (1989) is made. Finally, numerical simulations of different
◊ are shown.
4.2.1 Test of similarity
The test of similarity of this study consists in comparing two cases of vortex rings
with different stroke ratios. The objective is to see whether the same interaction
dynamics is obtained for similar ◊ numbers but different stroke ratios.
The test is conducted for two interactions with relatively close ◊: 1.04 and 1.11.
Table 4.1 presents the generating parameters that corresponds to these two values.
Also, in order to compare these two interactions, three instants are chosen: The first
instant corresponds to the moment when the deformed interface reaches its point
of maximum deflection. The second instant is when the secondary vortex ring is
formed. Finally, the third instant corresponds to the moment when the secondary
vortex ring is situated just below the primary vortex ring. Figure 4.10 represents
these three instants for two experiments with close values of ◊ (1.04 and 1.11).
◊ L/D Un (cm/s)
1.04 2 15.8
1.11 3 11.3
Table 4.1: Generating parameters for two values of ◊: 1.04 and 1.11.
From this figure, it can be seen that the two interactions are very similar. Thus,
this comparison suggests that ◊ can also compare two interactions with an interface
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(a) Instant 1, θ = 1.04 (b) Instant 1, θ = 1.11
(c) Instant 2, θ = 1.04 (d) Instant 2, θ = 1.11
(e) Instant 3, θ = 1.04 (f) Instant 3, θ = 1.11
Figure 4.10: Test of similarity for two instants. Instant 1 corresponds to the maximum
deformation of the interface, instant 2 is the moment when the secondary vortex ring is
formed, instant 3 is the moment when the secondary vortex ring is situated just below the
primary vortex ring. The scale is the same for both interactions.
that is sharper and has a higher surface tension than the interfaces used by Dahm
et al. (1989).
4.2.2 Comparison between two radically different interfaces
In the test of similarity presented in the previous section as well as the test of
similarity presented in Dahm et al. (1989), the composition of the interface does not
change significantly. One thing that could really support the fact that ◊ can predict
qualitatively the interactions between a vortex ring and any liquid interface is by
comparing two experiments with very different interfaces but with values of ◊ close
to each other and see if the dynamics is still similar.
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It is the reason why this section focuses on comparing the video acquired in this
project with the images published in Dahm et al. (1989). The interfaces of these
two experiments are, indeed, very different. First, in the experiment of Dahm et al.
(1989), the vortex ring propagates downward. Also the interface is less sharp and
the density gradient and surface tension are lower than those of the present study.
Figure 4.11 is the test of similarity by Dahm et al. (1989) for a value of ◊ equal
to 1.19. And Figure 4.12 shows two images of the vortex ring/interface interaction
of the present study with a value of ◊ equal to 1.04, these two values of ◊ are close
to each other. The images of Figure 4.12 are inverted so that the ring appears to
approach the interface from the top. This is to facilitate the comparison with the
results of Dahm et al. (1989). Note that the instants are taken to match as closely
as possible to the times of the Figure 4.11 images.
Figure 4.11: Test of similarity presented in Dahm et al. (1989) for two different interaction
dynamics and a same value of ◊ (◊ = 1.19).
The comparison of the Figures 4.11 and 4.12 shows a remarkable similar dynamics,
despite the significant differences between both experiments. Thus, the number, ◊,
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(a) Instant a, θ = 1.04
(b) Instant b, θ = 1.04
Figure 4.12: Interaction dynamics obtained in the present study. This interaction dynamics
are to be compared to the test of similarity by Dahm et al. (1989) (see Figure 4.11) since
the value of ◊ are closed as well as the instants.
allows quite a fair comparison of interaction dynamics for a large range of interfaces.
And so, this number can predict approximately the interaction of a vortex ring with
any types of liquid interfaces.
4.2.3 Numerical simulations for different θ
Stock et al. (2008) examined numerically the different interaction dynamics for
several values of ◊. The surface tension of the interface was not taken into account.
In particular, the paper presents the results for three values of ◊: 0.3 1.0 and 3.0.
The sheet dynamics of these three cases are presented in Figure 4.13.
These three cases represents quite well the different dynamics that are obtained
in the present study. The value of ◊ ranges from 0.5 to 2.56. The two following
sections focus on characterizing these dynamics.
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(a) θ = 0.3 (b) θ = 1.0 (c) θ = 3.0
Figure 4.13: Sheet dynamics for three values of ◊ (Stock et al., 2008). The time is dimen-
sionless and defined as: Γ/D2
In view of the fact that ◊ can be used to compare the interaction of a vortex
ring with a liquid interface, this study which focuses on interactions with ◊ that
ranges from 0.5 to 3 may be compared to other studies with the same range of ◊
and radically different interface.
However, Dahm et al. (1989) extended the role of ◊ (i.e A◊RL) and he stated that
the interaction in the Boussinesq’s limit (Aæ 0) and for negligible surface tension
is determined entirely by this number. This claim is examined in the following two
sections which analyse in details the dynamics of the interaction for this range of ◊.
The dynamics of the vortex ring and then the interface deformation are investigated.
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4.3 Behaviors of the vortex ring before and during the
impact on the interface
This section focuses on the vortex ring dynamics before and during the impact of
a vortex ring on a strong density interface. It starts with some basic observations
of the interaction dynamics, based on the dye flow visualization results. Then, a
quantitative investigation is carried out in order to understand the evolution of
the flow structure induced by the interaction. This investigation examines the
trajectories of the vortex ring cores, and then the evolutions of the three vortex ring
parameters (i.e. diameter, propagation velocity and circulation). Finally, the last
section highlights the three main conclusions of the vortex ring dynamics analysis.
Also, the reader may refer to Appendix C to see a comparison of flow visualization
images with PIV images (velocity and vorticity fields) for different vortex rings in
order to have a better idea of the evolution of the different parameters.
4.3.1 Some observations on the vortex ring dynamics
In this section, some observations on the vortex ring dynamics are made based on the
dye flow visualization images. In order to support these observations, two sequential
visualization images of a vortex ring impacting the interface are presented in Figures
4.14 and 4.15. These figures illustrate two different flow conditions observed during
this study: the vortex ring diameters are similar in both cases (stroke ratio of 3)
and the Reynolds numbers of the vortex rings are 2920 and 4690 respectively.
In the case of a low Reynolds number and quite a high value of ◊ (see Figure
4.14, Re = 2920 and ◊ = 1.60), the interaction between the vortex ring and
the interface is very similar to the interaction of a vortex ring with a wall. It
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(a) t = 0.4 s
(b) t = 0.6 s
(c) t = 0.8 s
(d) t = 1.0 s
(e) t = 1.2 s
(see caption on the next page)
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(f) t = 1.4 s
(g) t = 1.6 s
(h) t = 1.8 s
(i) t = 2.0 s
Figure 4.14: Sequential visualization images of a vortex ring with a high ◊, (◊ = 1.60). The
stroke ratio is preset at 3 and the Reynolds number is 2920.
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can be seen that the vortex ring slows down while its diameter increases (Figure
4.14 from (a) to (c)). Then, in Figure 4.14(c) the vortex ring reaches its highest
position and starts to rebound from the interface, while its diameter keeps increasing.
Finally, the diameter reaches a maximum diameter (Figure 4.14d) and then remains
approximately constant.
Also, it can be noticed that the secondary vortex ring starts to form in Figure
4.14(d) and rolls up subsequently as can be seen in the following images. Following
that, azimuthal instabilities can be observed in Figure 4.14(f) and (g). The tertiary
vortex ring starts to form in Figure 4.14(f) and rolls up subsequently as shown in the
two next Figures 4.14(g) and (h). Its rolling up process lasts longer than that of the
secondary vortex ring since the circulation of the primary vortex ring gets weaker
with time. It can be observed that in Figure 4.14, the core of the primary vortex
ring keeps a toroidal shape despite its impact on the interface and the formations of
the secondary and tertiary vortex rings.
In the case of a lower ◊ (see Figure 4.15, Re = 4690 and ◊ = 0.66), many
similarities with the previous case can be observed: rebound of the vortex ring core
(its highest position is reached in Figure 4.15(c)), increase of the diameter, formation
of a secondary and tertiary vortex rings. However, there are some differences between
the two cases (compared Figure 4.15 with Figure 4.14). First, the process of the
interaction (i.e. rebound, formation of the secondary, tertiary vortex ring, etc.) of
the second case at lower Reynolds number is much faster - around twice as fast -
than that of the first case. Also, it can be observed that the vortex ring cores have
different trajectories: in the second case with lower ◊, the core gets closer to the
interface and the vortex ring diameter increases less than in the case with higher
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(a) t = 0 s
(b) t = 0.125 s
(c) t = 0.250 s
(d) t = 0.375 s
(e) t = 0.500 s
(see caption on the next page)
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(f) t = 0.625 s
(g) t = 0.750 s
(h) t = 0.875 s
(i) t = 1 s
Figure 4.15: Sequential visualization images of a vortex ring with a low ◊, (◊ = 0.66). The
stroke ratio is preset at 3 and the Reynolds number is 4690.
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◊. Another noticeable difference between the two cases is regarding the stability
of the core, the core of the vortex ring in the second case is more disturbed and
diffused than the core of the first case which remains stable for a much longer time.
In the Appendix A, additional sequential visualization images of a higher Reynolds
number (Re = 5200) are shown, it can be clearly observed that the core is even more
disturbed after the impact on the interface than that of a Reynolds number of 4690.
To further highlight what has been observed, the next section focuses on the
trajectories of vortex ring cores. Also, the evolution of the three main vortex ring
parameters (i.e. diameter, propagation velocity and circulation) are quantified in
order to better understand the vortex ring dynamics during the interaction.
4.3.2 Trajectory of vortex ring core
Figure 4.16 presents the trajectory of vortex rings that have been generated with
the same stroke ratio of 3, but with different piston velocities (40, 60 and 80 mm/s,
the corresponding Reynolds number are 2920, 4140 and 5200, respectively). The
radius of the vortex ring and the distance of the core from the interface are scaled
by the initial radius (i.e. radius of the vortex ring way before the interaction). This
figure shows that when the Reynolds number increases, the vortex ring core gets
closer to the interface, and the vortex ring diameter increases less. This observation
is consistent with previous studies.
As mentioned earlier, Dahm et al. (1989) suggested that the interaction of a
vortex ring with a liquid interface1 is determined entirely by the dimensionless
number ◊. If this is indeed the case, the trajectory of the vortex ring cores, in
1The interface is assumed to verify the Boussinesq limit and the surface tension is supposed
negligible
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Re = 2920 (ϑ = 1.60)
Re = 5200 (ϑ = 0.50)
Re = 4140 (ϑ = 0.77)
Figure 4.16: Trajectory of vortex ring cores (X,Y are the coordinates of the vortex ring
cores), all vortex rings have the same diameter but different Reynolds number (they are
generated with a stroke ratio of 3 and different piston velocity).
particular, should also be determined by ◊. In order to verify Dahm’s claim, four
trajectories are plotted in Figure 4.17: two trajectories with a value of ◊ close to
1.05 and two other trajectories with a value of ◊ equal to 0.77. As can be seen, the
trajectories are clearly not similar for a same value of ◊.
This finding is not unexpected since it has been discussed in subsection 4.1.4 that
one dimensionless number is not sufficient to determine the state of the interaction
between a vortex ring and a liquid interface, since both rotational and translational
motions of the vortex ring affect the interface. In fact, the state of the interaction
is the combined action of the rotational and translational motions of the vortex
ring and thus two dimensionless numbers are necessary to describe the state of the
interaction, each number related to one motion of the vortex ring. As ◊ is only
associated to the rotational motion of the vortex ring, an equivalent number of ◊
associated to the propagation velocity is necessary.
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ϑ = 1.04 and L/D = 2 (Nt = 0.23)
ϑ = 1.11 and L/D = 3 (Nt = 0.15)
ϑ = 0.77 and L/D = 2 (Nt = 0.28)
ϑ = 0.77 and L/D = 3 (Nt = 0.19)
Figure 4.17: Four trajectories of vortex ring cores. Two trajectories with a value of ◊ close
to 1.05 and two other trajectories with a value of ◊ equal to 0.77.










where A is the Atwood number, (see Appendix B for more information about
these two Froude numbers). Fru and Frc are the Froude number associated to
the translational motion and rotational motion respectively, in other words they
determine the resistance of the vortex ring due to these two respective motions.




Thus, to describe the trajectories of the cores with a better accuracy than ◊, a
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Figure 4.18 shows that the core trajectories of four vortex rings for two values of
Nt. For each value of Nt, two core trajectories have been represented, one with a
stroke ratio of 2 and the other one with a stroke ratio of 3. It can be seen that the
trajectories for a same value of Nt are very similar. Also, it can be noticed from
this figure that the higher Nt, the less the diameter increases and the deeper the
core of the vortex ring go inside the upper layer.




















Nt = 0.13 and L/D = 3
Nt = 0.27 and L/D = 3
Nt = 0.12 and L/D = 2
Nt = 0.28 and L/D = 2
Figure 4.18: Trajectory of four vortex ring cores for two values of Nt. For each value of Nt,
two core trajectories have been chosen, one with a stroke ratio of 2 and the other one with a
stroke ratio of 3.
Based on the above results, the dimensionless number Nt proposed here is a
better governing parameter of the core trajectory than ◊ is. However, further
experimental results with a broader range of stroke ratio should be performed to
see if the definition of Nt proposed here can be generalized beyond the vortex ring
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parameters used in this study. Also, from the definition of Nt, it can be suggested
that the increase of the diameter is mainly due to the rotational motion of the vortex
ring while the penetration of the vortex ring into the upper liquid is mainly due to
the translational motion of the vortex ring.
4.3.3 Evolution of the vortex ring parameters (D, U , Γ)
In this section, the evolution of the three main parameters of vortex rings are
analysed (i.e. diameter, propagation velocity and circulation). The diameter and
propagation velocity results are obtained using the dye flow visualization and the
circulation is obtained using the PIV experiment. Here, the initial time corresponds
to the moment when the vortex ring core reaches its highest position, and the time




4.3.3.1 Evolution of the vortex ring diameter
The vortex ring diameters have been observed to increase when the vortex ring
approaches to the interface and it eventually reaches a maximum diameter. Also, as
seen previously, this maximum diameter increases with the value of Nt. However,
the evolution of the diameter with time has not yet been investigated.
Figures 4.19 and 4.20 represent the evolutions of the diameter for stroke ratios of
2 and 3 respectively and for various Reynolds numbers. The diameter is normalized
by the initial diameter and the time is scaled by U0D0 . As can be seen in these figures,
the evolutions of the diameters follow the same trend: first the normalized diameters
remain constant from approximately tú = ≠1.4 to tú = ≠0.4, then increase with a
slope of around 0.5 and finally reaches a maximum diameter. For most of the time
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(from tú = ≠1.4 to 0 approximately), all the curves evolve similarly with time but
above tú = 0 the curves deviate from each other. The normalized diameters stop
increasing at different times, later for lower Reynolds numbers. Therefore, for a fix
stroke ratio, the maximum diameter decreases when the Reynolds number increases.
























Figure 4.19: Normalized diameter as a function of the dimensionless time (t U0
D0
). The stroke
ratio is preset at 2.
It is worth noting from these figures that the trends for all the curves are quite
similar, only the maximum normalized diameters are different.
4.3.3.2 Evolution of the propagation velocity
In this section, the evolution of the propagation velocities are analysed. Figure 4.21
represents the normalized propagation of velocity (i.e. propagation velocity divided
by the initial velocity) as a function of the dimensionless time (t U0D0 ). Each curve
represents different generating conditions.
It can be noticed that all curves coincide remarkably regardless of the diameters
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Figure 4.20: Normalized diameter as a function of the dimensionless time (t U0
D0
). The stroke
ratio is preset at 3.
and Reynolds numbers of the vortex rings. Also this figure shows that the evolution of
the propagation velocity may be broadly divided into 3 stages. First, the propagation
velocity decreases slowly until approximately tú = ≠0.4. During this first stage
(tú ranges from -1.4 to -0.4), vortex rings are not in contact with the interface but
close enough to be affected slightly by its presence. Indeed, the interface acts as a
mirror and slows down the vortex rings. Then, at around tú = ≠0.4, the velocity
starts decreasing, this corresponds approximately to the moment when vortex ring
comes into contact with the interface. During this second stage (tú ranges from
-0.4 to 0.15), the vortex ring undergoes a rebound: at the beginning of this stage
(tú = ≠0.4), the vortex ring propagates toward the interface at 80 % of the initial
velocity and after the interaction (tú = 0.15), the vortex ring moves away from the
interface at 40 % of its initial velocity. Finally, the absolute value of the propagation
velocity decreases to almost zero which is the third and last stage.
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Re = 5200, L/D = 3
Re = 4140, L/D = 3
Re = 2010, L/D = 2
Re = 2790, L/D = 2
Re = 3420, L/D = 2
Figure 4.21: Normalized propagation velocity as a function of the dimensionless time (t U0
D0
).
One interesting observations can be made from this figure. It can be seen that
all the curves of the normalized propagation velocity have the similar trend and
seem to depend weakly on the vortex ring parameters. Although the rebound of
a vortex ring against a liquid interface has been observed in the past, it has never
been quantified before.
4.3.3.3 Evolution of the circulation
In this section, the evolution of the circulation is studied. Figures 4.22 and 4.23
represent the evolution of normalized circulations for stroke ratios of 2 and 3
respectively. Note that each curve corresponds to a different Reynolds numbers. It
can be noticed from these figures that all curves follow similar trends from tú = ≠2
to tú = 0.4 and that the same trend appears in these two figures. Finally after
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tú = 0.4 the curves deviate from each other.
The evolutions of the normalized circulations can be divided into three stages.
These three stages do not correspond entirely to the stages of the velocity evolution,
although there are some similarities between them. Also, when comparing evolution
of the different parameters, one has to be mindful that the duration of the circulation
evolution (see Figures 4.22 and 4.23, tú ranges from -2 to 2.5) is different from the
duration of the evolution of the diameters and propagation velocities (tú ranges from
-1.4 to 0.6).
From approximately tú = ≠2 to tú = ≠0.7, the circulation remains almost
constant, this corresponds to the first stage. Then the second stage begins at
approximately tú = ≠0.7, this time corresponds to the moment when the propagation
velocity starts to decrease (tú = ≠0.4). During the second stage, the circulation of
the vortex ring drops significantly from 95 % to 15 % of the initial circulation within
a very short period of time, and this stage ends at approximately tú = 0.4. During
these two stages, all the curves follow the same trend. But during the third stage
which starts at about tú = 0.4, some differences in the trend emerged. While some
curves increase, the others keep decreasing although more slowly than during the
second stage. It can be noticed that the curves keep decreasing when the Reynolds
number is high. For lower Reynolds numbers, the circulations increase by about
60 % from tú = 0.4 to tú = 0.8, then decrease more slowly. This increase of the
circulation is quite significant and also unexpected.
The cause of this increase raises a question: does it describe a physical phe-
nomenon or is it due to the calculation method? To address this issue, we examine
how the circulation is determined. As mentioned earlier, circulation is derived from
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Figure 4.22: Normalized circulation as a function of the dimensionless time (t U0
D0
). The
stroke ratio is preset at 2.

















Figure 4.23: Normalized circulation as a function of the dimensionless time (t U0
D0
). The
stroke ratio is preset at 3.
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the velocity map on the side of the water only, the velocity map above the original in-
terface cannot be obtained using the PIV experiment because the deformed interface
scatters much more light from the laser than the particles do. As a result, the flow
field above the interface cannot be captured accurately. However, the circulation is
the integration of the vorticity within a fix vorticity level contour, and this contour is
located entirely below the interface. Furthermore, the increase in circulation appears
to be consistent (it happens for most of the vortex ring circulation at approximately
the same time and with approximately the same intensity) and their magnitude is
too significant to be due to an error in the vorticity calculation. The reader may
refer to Appendix C where vorticity field are determined.
Thus, the increase of the circulation, when it is calculated using fixed vorticity
level contour, does seem to be a physical reality when the Reynolds number is not
too high. However, more experimental or numerical studies should be performed to
support the current finding.
4.3.4 Conclusion on the vortex ring dynamics
The study of the core trajectories reveals two dynamics of the vortex ring: the
vortex ring displaces the interface and its diameter increases. The similarity of the
trajectories for similar Nt shows that translational motion enables the vortex ring
to go deeper inside the silicone oil while the rotational motion has the tendency to
increase the vortex ring diameter. Also, it is proven that the dimensionless number
◊ does not describe entirely the state of the interaction.
The diameter, propagation velocity and circulation are found to have the same
characteristics time D0U0 . Regarding the evolution of the diameter, the maximum
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diameter reached by the vortex ring core is higher for lower Reynolds numbers. The
study of the propagation velocity evolution quantifies the rebound of the vortex ring
from the interface. Finally, regarding the circulation, an increase in the circulation
is noticed when the water above the original line of the interface is ejected below
this line. The reason for this is unclear at this juncture. This phenomenon requires
further investigation.
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4.4 Discussion on the interface deformation
When a vortex ring impacts the interface, the interface can be deformed according
to the kinetic energy of the vortex ring and interface characteristics. The energy of a
vortex ring is related to the circulation and propagation velocity. On the other hand,
the interface tends to remain flat because of the surface tension and density gradient
across the interface. All these forces interact and determine the deformation of the
interface.
In order to understand the complex interaction between the interface and the
vortex ring, this section focuses on the deformation of the interface due to the
circulation and propagation velocity of the vortex rings. Some observations on
the deformed interface are first presented, then, the characteristics of the interface
deformation (i.e. the highest point of the deformed interface and the volume of
silicone oil displaced by vortex rings) are analysed.
4.4.1 Some observations on the interface deformation
When a vortex ring impacts an interface, the interface is affected differently according
to the vortex ring parameters and interface characteristics. For a high value of ◊,
the vortex ring rebounds against the interface without deforming significantly the
interface. Figure 4.24 represents four instants of the interaction with a relatively
high value of ◊ (◊ = 1.04). In this case the interface is not deformed significantly,
and the shape assumed by the deformed interface is only an arc whose size evolves
slightly with time.
When the vortex ring reaches the interface (see Figure 4.24a), the interface takes
the form of an arc. In Figures 4.24b, the arc grows and then widens (see Figures
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4.24c) because the vortex ring circulation acts to increase its diameter. Eventually,
as the interface returns to the original position, the vortex ring is ejected from the
upper liquid.
(a) t = -0.25 s (b) t = -0.17 s
(c) t = 0 s (d) t = 0.08 s
Figure 4.24: Sequential visualization images of the interface impinging by a vortex ring for
a high value of ◊ (◊ = 1.04).
For a lower ◊ (◊ = 0.50), interactions between interface and vortex rings are
more complex (Figure 4.25). First, when the vortex ring reaches the interface, the
interface curves into an arc (Figure 4.25a), similar to the previous case. The shape
of the deformed interface is different from the previous case since the sharp flattens
at the top of the deformation (see Figure 4.25b). This is due to the circulation that
acts to impose the shape of a vortex ring to the interface. Indeed, in this second
case the circulation does not only widen the arc but changes more significantly the
shape of the interface because the vortex ring goes deeper into the upper liquid in
comparison to the first case. Finally, when the vortex ring energy is dampened by
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viscosity and surface tension, the interface collapses. It is the side of the deformed
interface that collapses first (Figure 4.25c), before it collapses completely to become
flat again((Figure 4.25d).
(a) t = -0.25 s (b) t = 0.08 s
(c) t = 0 s (d) t = 0.08 s
Figure 4.25: Sequential visualization images of the interface impinging by a vortex ring for
a quite low value of ◊ (◊ = 0.50).
The observations indicate that the interface behaviors is very much dependent
on ◊. Also, the evolution of the deformed interface shape with time can reveal the
strength of the approaching vortex ring. In next section, the shape of the deformed
interface with time and for different values of ◊ is discussed.
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4.4.2 Shape of the deformed interface
The objective of this section is to provide a comprehensive study on the shape of the
interface subjected to the impact of vortex rings with different Reynolds numbers.
This section is divided into two subsections. The first subsection deals with the
highest point of the deformed interface, the second subsection examines the volume
of silicone oil displaced by the interface. They are studied as a function of time and
vortex ring parameters. In all cases, the initial time for this study corresponds to the
maximum deflection, which occurs slightly after the core has reached its maximum
position (between 0.08 and 0.13 second after). This initial time is found to be more
appropriate for the study of the interface deformation.
4.4.2.1 Height of deformation
For every vortex ring, the highest points of the deformed interface versus time are
recorded using the procedure described in the previous chapter. Figures 4.26 and
4.27 show the profiles of this maximum point for vortex rings generated with a stroke
ratio of 2 and 3, respectively. Each curve corresponds to one Reynolds number. In
these figures, the highest point of the interface, h, and the time, t, are represented
in centimetre and second respectively. The scale which is used to nondimensionalize
these variables will be examined later in this section.
From Figures 4.26 and 4.27, two general observations can be made. Firstly,
the greater the Reynolds number of the vortex ring the more deformed is the
interface. This first observation is not surprising since vortex ring kinetic energy (or
momentum) increases with the Reynolds number. Secondly, the period during which
the interface is deformed does not seem to depend significantly on the Reynolds
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Re = 2420, ϑ = 1.84
Re = 2790, ϑ = 1.35
Re = 3120, ϑ = 1.04
Re = 3420, ϑ = 0.90
Re = 3680, ϑ = 0.77
Figure 4.26: Highest points of the deformed interface versus time, for different Reynolds
numbers. The vortex rings are generated with different piston velocities and a stroke ratio
presets at 2 (so all vortex rings have the same diameter). The initial time corresponds to
the maximum deflection of the interface.
















Re = 3550, ϑ = 1.11
Re = 4140, ϑ = 0.77
Re = 4690, ϑ = 0.66
Re = 5200, ϑ = 0.50
Figure 4.27: Highest points of the deformed interface versus time, for different Reynolds
numbers. The vortex rings are generated with different piston velocities and a stroke ratio
presets at 3 (so all vortex rings have the same diameter). The initial time corresponds to
the maximum deflection of the interface.
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number for a fix stroke ratio. This is contrary to the characteristic time of the
vortex ring dynamics studied in the previous section, which depends on both the
propagation velocity and diameter. However, the period of deformation seems to
depend only on the stroke ratio, and therefore the vortex ring diameter.
Based on this observation, the time scale chosen to scale the time of the interface





where D0 is the initial diameter, g is the gravitational acceleration and A is the
Atwood number.
It can be noticed that ◊ is insufficient to describe the deformation of the interface
since in Figure 4.26, the curve for a ◊ of 0.77 reaches its maximum at around 1 cm
while in Figure 4.27 the curve with the same value of ◊ reaches its maximum at
around 0.8 cm (20% lower).
As for each curve, it can be noticed that the process of the interface deformation
is not completely symmetric with respect to the vertical line of equation t = 0s.
In fact, the time taken by the interface to reach its maximum deflection is much
longer than the time taken to return to its original flat position from the maximum
deflection. This difference in time is relatively significant for high Reynolds numbers
but decreases with the Reynolds number. For instance, at the highest Reynolds
number of the Figure 4.26 (Re = 3680), it takes 0.5 second to reach the maximum
deflection, while it takes 0.2 second to return to the flat position. The interface
seems to act as an elastic surface: the more the interface is stretched, the faster is
the time for it to collapse to the flat position again.
This last remark highlights that all curves are not completely similar according
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to the Reynolds number. Even though, nondimensionalizing these figures to make
the curves collapse can provide information on the causes of the deformation. The
question, however, is how to scale the height h. In past papers published in literature,
every length is nondimensionalized by the initial vortex ring diameters (D0) which
makes sense for horizontal lengths (i.e. lengths in x-direction), like the diameter
(D), but it makes little sense to use D0 to scale the highest point of the deformed
interface, h. Since the variable h is more related to the dynamics of the vortex ring
and the density gradient of the interface. For this reason the y-direction length scale
is chosen to be the product of the two Froude numbers multiplied by the initial
diameter:
Ly = D0 ◊ Fru ◊ Frc
These two Froude numbers are also used to describe the trajectories of vortex ring
cores (see previous section) and more detailed discussion on these numbers and their









where A is the Atwood number defined as : A =
----ﬂ1 ≠ ﬂ2ﬂ2 + ﬂ1
----
Figures 4.28 and 4.29 present the same variables plotted in Figures 4.26 and
4.27, but this time these variables are nondimensionalized. First, it can be seen that
the curves in both figures are getting much closer to each other. Besides, the greater
the Reynolds number, the closer are the curves together. It is actually reasonable
to assume that these curves converge when the Reynolds number increases. The
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fact that some curves are close to each other while others are not, highlights the
difference of interface behaviors mentioned in the observation subsection.























Figure 4.28: Dimensionless highest point of the deformed interface versus the dimensionless
time. The vortex rings are generated with different piston velocities and a stroke ratio
presets at 2. The initial time corresponds to the maximum deflection of the interface.
Thus, in order to understand why some curves collapse together while others
do not, the highest point of the deformed interface at its maximum deflection (i.e.
maximum of every profile, hm) are examined further. For every Reynolds number
and stroke ratio, these points, hm, are normalized by the initial vortex ring diameter
and plotted in Figure 4.30 as a function of the product of the two Froude numbers:
Frc ◊ Fru.
From this figure, it can be noticed that hm/D0 and FrcFru are remarkably
related linearly, and above all this relation does not depend on the stroke ratio.
This figure proves the essential role played by the product FruFrc for the interface
deformation. Also, it is reasonable to assume that the vortex ring circulation and
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Figure 4.29: Dimensionless highest point of the deformed interface versus the dimensionless
time. The vortex rings are generated with different piston velocities and a stroke ratio
presets at 3. The initial time corresponds to the maximum deflection of the interface.




















Stroke ratio of 2
Stroke ratio of 3
y = -0.052+0.52x
R-square = 0.987
Figure 4.30: Highest point of the deformed interface at the maximum deflection of the
interface as a function of FruFrc.
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propagation velocity contribute both to increase the deformation of the interface.
Also, the regression line does not cross the origin which means that a minimum
vortex ring energy is necessary to deform the interface (observation based on the
regression line of experimental results; but, the hm/D0 vs FruFrc curve may deviate
from a straight line when approaching origin). The existence of this extrapolated
minimum energy explains why all curves do not collapse since for low Reynolds
numbers, this energy takes up a larger portion of the whole vortex ring energy.
4.4.2.2 Volume of silicone oil displaced by vortex rings
To investigate further the shape of the deformed interface, it was essential to study
the volume of silicone oil displaced by the vortex rings. The method to acquire
these data are explained in the previous chapter. Similar to the previous section,
the results are first presented with dimensions (Figures 4.31 and 4.32). This has also
the advantage to show the reader the dimensional volume of silicone oil displaced by
vortex rings. From these figures, the same trend can be observed as those concerning
the highest point of the deformed interface: the greater the Reynolds number, the
greater the volume of silicone oil displaced and the dissymmetry of the curve with
respect to the vertical line of equation t = 0.
To nondimensionalize the variables V and t, the time scale is still

D0/Ag and
the characteristic volume needs to be the y-direction scale (Ly) multiplies by the
square of the x-direction scale (D0) since the flow is assumed to be similar in the
x and z direction. Thus, the volume scale is: LyD
2
0. Figures 4.33 and 4.34 are
the dimensionless volume profiles. From these figures, it can be observed that the
profiles converge quite well, for high Reynolds numbers; similar to h profiles.
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Figure 4.31: Volume of silicone oil displaced by the vortex ring versus time. The vortex rings
are generated with different piston velocities and a stroke ratio presets at 2 (so all vortex
rings have the same diameter). The initial time corresponds to the maximum deflection of
the interface.























Figure 4.32: Volume of silicone oil displaced by the vortex ring versus time. The vortex rings
are generated with different piston velocities and a stroke ratio presets at 3 (so all vortex
rings have the same diameter). The initial time corresponds to the maximum deflection of
the interface.
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Figure 4.33: Dimensionless volume of silicone oil displaced by the vortex ring versus the
dimensionless time. The vortex rings are generated with different piston velocities and a
stroke ratio presets at 2. The initial time corresponds to the maximum deflection of the
interface.


























Figure 4.34: Dimensionless volume of silicone oil displaced by the vortex ring versus the
dimensionless time. The vortex rings are generated with different piston velocities and a
stroke ratio presets at 3. The initial time corresponds to the maximum deflection of the
interface.
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To understand this further, the maximum of each volume profile divided by the
cube of the initial diameter as a function of FruFrc is represented in Figure 4.35.
Here, all points are situated in a same line regardless of stroke ratio or Reynolds
number. The fit line equations of Figures 4.30 and 4.35 are, however, different. First,
the slope of the line is slightly higher in the figure concerning the volume (0.55)
than that corresponding to the highest point of the deformation (0.52). This means
that when the Reynolds number increases, the volume at the maximum deflection
widens more than it increases in height (Vm/hm increases). Also, the two fitted
lines cross the x-axis at FruFrc equal to 0.1 and 0.14 in the hm and Vm figures
respectively. These values are very close to each other and it can be assumed that
the threshold for a linear relation of hm and Vm versus FruFrc is around 0.12. Close
to this threshold, there is no experimental values to indicate the behavior of hm and
Vm, yet it can be assumed that the strong effect of the surface tension will induce a
non-linear behavior between these two variables.
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Stroke ratio of 2
Stroke ratio of 3
y = -0.078+0.55x
R-square = 0.993
Figure 4.35: Volume displaced by vortex rings at the maximum deflection of the interface as
a function of FruFrc.
4.4.3 Conclusion on the interface deformation analysis
The interface dynamics is studied via the highest point of the deformed interface
and the volume of silicone oil displaced by the interface, both variables are found to
be determined by the product of the two Froude numbers (FrcFru) which suggest
that the rotational and translational motions of the vortex rings contributes both to
deform the interface. Also, the number ◊ is proven to be insufficient to describe this
dynamics even though it gives a fair approximation of the interaction.
Also, the existence of a minimum required energy to get the interface in motion







In the current work, the interaction of a vortex ring with a strong density interface
is studied.
First, it is shown that the characteristics of the vortex rings generated for this
study are consistent with those published in the literature. In particular, Γ/‹ of
the vortex ring is found to be a linear function of PRen/‹ and independent of the
stroke ratio, as shown in the equation below: Γ/‹ = 1.084PRen/‹.
The present dye flow visualization shows that all interactions studied in this
project closely resembles that of the vortex ring/wall interaction. This includes
the rebound of the vortex ring, radial expansion, formation of the secondary and
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tertiary vortex ring. However depending on the Reynolds number, some differences
in the vortex ring trajectory and interface behavior are observed.
In this study, it is shown that the non-dimensional parameter ◊ gives a fair idea
of the state of the interaction, at least qualitatively. This is consistent with the
finding of Dahm et al. (1989) for negligible surface and in the Boussinesq’s limit
(A æ 0). However, detailed analysis shows that for strong density interface, this
number is not sufficient to describe entirely the state of the interaction. It is shown
that a precise analysis of the interaction of vortex ring with a free surface requires
two Froude numbers Frc (Frc =
1Ô
θ
) and Fru. This discrepancy with Dahm’s
finding could be due to the surface tension, which was neglected in his theoretical
analysis.
The study of the trajectory of the cores shows that there is a tendency for vortex
ring to cross the interface, while concurrently increases its diameter. The similarity
of core trajectories for close value of Nt
1 reveals that the translational motion of
the vortex rings makes the vortex ring goes deeper inside the silicone oil while the
circulation motion tends mainly to increase the vortex ring diameter.
Regarding the diameter evolution, the maximum diameter reached by the vortex
ring core is higher for lower Reynolds numbers, and the evolution of propagation
velocity is found to be independent of the Reynolds number and diameter. Also the
rebound of the vortex ring is quantified: decrease of the velocity at a rate of 220 %
per unit of time, until the velocity reaches -40 % of the initial velocity. Regarding
the circulation, first it is observed to decrease at a rate of 80 % per unit of time.
Following that, The circulation is found to increase from approximately 15 % to 24
% of the initial circulation under certain conditions, at the moment when the water
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situated above the original interface plane is ejected due to the combined action of
surface tension of the interface and gravity. The reason behind this is unclear and
requires further investigation.
The study of the interface deformation led to investigate two variables: the
highest point of the deformed interface (h) and the volume of silicone oil displaced
by vortex rings (V ). First, it is observed that when the Reynolds number increases,
the interface is more deformed which is to be expected. The length scale to
nondimensionlize h is chosen to be the diameter of the vortex ring multiplied by
the product of the two Froude numbers (Ly = D0FrcFru). It was found that
with this length scale the curves collapse on top of each other when the Reynolds
number increases. Similarly, the volume profiles scaled with D20Ly are found to
converge when the Reynolds number increases. Finally, it was found that these two
variables (h and V ) at the maximum deflection of the interface are linear functions
of the product FrcFru. These relations are found to be independent of the vortex
ring diameter. Also, a minimum energy required to set the interface in motion
(approximately to the condition FrcFru = 0.12).
5.2 Recommendations for future work
This study focuses on one particular liquid interface, namely silicone oil (10CS) and
water, only the vortex ring characteristics could modify the interaction dynamics, and
so the number ◊ (◊ ranges from 0.5 to 2.5). Further experiments can be performed
with different liquid interfaces but same range of ◊ in order to compare with the
results of this study.
Also, the number Nt defined to describe the trajectory has a physical significance
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that is still not completely clear. So, a theoretical model may be developed to
understand its meaning. Besides, further studies and especially numerical, should be
perform to have a better understanding of the circulation increase when the water
is ejected from the silicone oil. Finally, the cause of the existence of a minimum
required energy to get the interface in motion may also be further studied.
106
Bibliography
Akhmetov, D. 2008. Loss of energy during the motion of a vortex ring. J. Appl.
Mech. Tech. Phys., 49(1): 18–22.
Akhmetov, D. G. Vortex Rings. Springer-Verlag Berlin Heidelberg, 2009.
Akhmetov, D. G. and Kisarov, O. P. 1966. Hydrodynamics structure of a vortex
ring. J. Appl. Mech. Tech. Phys., 7: 87–90.
Auerbach, D. 1988. Some open questions on the flow of circular vortex rings. Fluid
Dyn. Res., 3: 209–213.
Batchelor, G. K. An Introduction to Fluid Dynamics. Cambridge University Press,
Cambridge, 1967.
Benjamin, T. 1976. The alliance of practical and analytical insights into the nonlinear
problems of fluid mechanics. In Applications of Methods of Functional Analysis to
Problems in Mechanics, (ed. Germain, P. and Nayroles, B.), volume 503 of Lecture
Notes in Mathematics, pages 8–29. Springer.
Cavazzini, G., Dazin, A., Pavesi, G., Dupont, P. and Bois, G. Post-processing
methods of PIV instantaneous flow fields for unsteady flows in turbomachines, The
107
Bibliography
Particle Image Velocimetry - Characteristics, Limits and Possible Applications.
InTech, 2012.
Cheng, M., Lou, J. and Luo, L.-S. 2010. The impact of a vortex ring on a wall. J.
Fluid Mech., 660: 430–455.
Chu, C. C., Wang, C. T. and Chang, C. C. 1995. A vortex ring impinging on a solid
plane surface - vortex structure and surface force. Phys. Fluids, 7: 1391–1401.
Couch, L. D. and Krueger, P. S. 2011. Experimental investigation of vortex rings
impinging on inclined surfaces. Exp. Fluids, 51: 1123–1138.
Dabiri, D. O., Colin, S. P., Costello, J. H. and Gharib, M. 2005. Flow patterns
generated by oblate medusan jellyfish: field measurements and laboratory analyses.
J. Exp. Biol., 208: 1257–1265.
Dahm, W. J. A., Scheil, C. M. and Tryggvason, G. 1989. The interaction of a vortex
ring with sharp density interface: a model for turbulent entrainment. J. Fluid
Mech., 205: 1–43.
Dantec Measurement Technology A/S. 2000. Flow installation and user’s guide.
Chapter 4, General PIV references.
Didden, N. 1979. On the formation of vortex rings: Rolling up and production of
circulation. Z. Angew. Math. Phys., 30: 101–116.
Fouras, A. and Soria, J. 1998. Accuracy of out-of-plane vorticity measurements
derived from in-plane velocity field data. Exp. Fluids, 25: 409–430.
Gharib, M., Rambod, E. and Shariff, K. 1998. A universal time scale for vortex
ring formation. J.Fluid Mech., 360: 121–140.
108
Bibliography
Glezer, A. 1988. The formation of vortex ring. Phys. Fluids, 31: 3532–3542.
Glezer, A. and Amitay, M. 2002. Synthetic jets. Annu. Rev. Fluid Mech., 34:
503–529.
Guehler, M. and Sallet, D. W. 1979. The formation of vortex rings and their initial
motion. Z. Flugwiss. Weltraumforsch., 3: 109.
Lamb, H. 1932. Hydrodynamics. 6th edition. Cambridge University Press, Cam-
bridge.
Lim, T. T. 1989. An experiment study of a vortex ring interacting with an inclined
wall. Exp. Fluids, 7: 453–463.
Lim, T. T. and Nickels, T. B. 1992. Instability and reconnection in the head-on
collision of two vortex rings. Nature, 357: 225–227.
Lim, T. T. and Nickels, T. B. 1995. Vortex rings, In Fluid Vortices, pages 95–153.
Green, S. I., Kluwer Academic Publishers.
Linden, P. F. 1973. The interaction of a vortex ring with a sharp density interface:
a model for turbulent entrainment. J. Fluid Mech., 60: 467–480.
Linden, P. F. and Turner, J. S. 2001. The formation of ’optimal’ vortex rings, and
efficiency of propulsion devices. J. Fluid Mech., 427: 61–72.
Linden, P. F. and Turner, J. S. 2004. Optimal vortex rings and aquatic propulsion
mechanisms. The Royal Society, 271: 647–653.
Lord Kelvin Thomson, W. T. 1867. On vortex atoms. Phil. Mag., pages 15–24.
109
Bibliography
Maxworthy, T. 1977. Some experimental studies of vortex rings. J. Fluid Mech.,
81: 465–495.
Moore, D. W. and Saffman, P. G. 1972. The motion of a vortex filament with axial
flow. Phil. Trans. R. Soc. A, 272: 403–429.
Orlandi, P. 1990. Vortex dipole rebound from a wall. Phys. Fluids, 2(8): 1429–1436.
Orlandi, P. and Verzicco, R. 11 1993. Vortex rings impinging on walls: axisymmetric
and three-dimensional simulations. J. Fluid Mech., 256: 615–646.
Pullin, D. I. 1979. Vortex ring formation at tube and orifice openings. Phys. Fluids,
22(3): 401–403.
Reynolds, O. 1876. On the resistance encountered by vortex rings, and the relation
between the vortex rings and streamlines of a disk. Nature, 14: 477–579.
Riley, N. 1975. Unsteady laminar boundary layers. SIAM Rev, 17: 274–297.
Saffman, P. Vortex dynamics. Cambridge University Press, Cambridge, 1992.
Saffman, P. G. 1970. The velocity of viscous vortex rings. Studies in Applied
Mathematics, 49(4): 371–380.
Saffman, P. G. 1978. The number of waves on unstable vortex rings. J. Fluid Mech.,
84: 625–639.
Shariff, K. and Leonard, A. 1992. Vortex rings. volume 24, pages 235–279. Annu.
Rev. Fluid Mech.




Shusser, M. and Gharib, M. 2000. Energy and velocity of a forming vortex ring.
Phys. Fluids, 12(3): 618–621.
Stock, M. J., Dahm, W. J. A. and Tryggvason, G. 2008. Impact of a vortex ring on
a density interface using a regularised inviscid vortex sheet method. J. Comput.
Phys., 227: 9021–9043.
Walker, J. D. A., Smith, C. R., Cerra, A. W. and Doligaski, T. L. 1987. The impact
of a vortex ring on a wall. J. Fluid Mech., 181: 99–140.
Xu, Y. and Wang, J. J. 10 2013. Recent development of vortex ring impinging onto




(a) t = 0 s
(b) t = 0.125 s
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Appendix A. Additional sequential images
(c) t = 0.292 s
(d) t = 0.458 s
(e) t = 0.542 s
(f) t = 0.625 s
Figure A.1: Sequential visualization images of a vortex ring with a low ◊, (◊ = 0.50). The







The non-dimensional Boussinesq coefficient ◊, introduced by Dahm et al. (1989), is
the product of the Atwood number1 and the square of the inverse Froude number.











Appendix B. Froude numbers, Atwood number and the non-dimensional Boussinesq
coefficient, ◊
This definition includes the circulation but not the propagation velocity. There is
another method to define the Froude number characterizing the interaction of a





In this definition of the Froude number, the propagation velocity is included and the
circulation is not. Also, Linden used the reduced gravity instead of the gravitational
acceleration. The reduced gravity takes into account the density jump across the





(A◊ g and gÕ have the same physical significance.)

















Eventually, it can be noticed that the dimensionless numbers introduced by
Dahm et al. (1989) and Linden (1973) are very similar, only Linden (1973) prefer to
use the propagation velocity to characterize the vortex ring dynamics while Dahm
et al. (1989) prefer to use the circulation over the diameter. One might wonder if
these two numbers (i.e. FrL and ◊) have the same physical significance or describe
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two different aspects of the interaction.
Figure B.1 shows Linden’s Froude number versus 1/◊ of the vortex rings generated
in the present study. As can be observed from this figure, the relation between FrL
and 1/◊ depends on the vortex ring diameter. Thus, the physical significant of these
two numbers are different, and the study shows that they are both necessary to
analyse the vortex ring/interface interaction in more details. Also, the two lines are
close to each other which explains why considering only one of this number already
gives a fair approximation of the interaction dynamics.

















Stroke ratio of 2 (D = 3.04 cm)
Stroke ratio of 3 (D = 3.44 cm)
Figure B.1: Linden’s Froude number versus inverse ◊ of the vortex rings generated in the
present study.
To homogenize the notation, instead of ◊ and FrL, the two following Froude










Appendix B. Froude numbers, Atwood number and the non-dimensional Boussinesq
coefficient, ◊









Comparison between dye flow
visualization images and PIV
images
This appendix presents dye flow visualization images and PIV images (vorticity and
velocity fields) for different values of ◊ and stroke ratio.
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θ = 2.56














(a) t = 0 s














(b) t = 0.250 s
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(c) t = 0.417 s














(d) t = 0.583 s
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Figure C.-1: Comparison between vorticity field and dye visualization images. The vortex
ring is generated with a stroke ratio of 2 and it has a Reynolds number of 2010.
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θ = 1.35














(a) t = 0s














(b) t = 0.167 s
122
Appendix C. Comparison between dye flow visualization images and PIV images














(c) t = 0.250 s














(d) t = 0.333 s
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(e) t = 0.417 s














(f) t = 0.583 s
Figure C.-2: Comparison between vorticity field and dye visualization images. The vortex
ring is generated with a stroke ratio of 2 and it has a Reynolds number of 3120.
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θ = 0.90














(a) t = 0 s














(b) t = 0.083 s
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(c) t = 0.166 s














(d) t = 250 s
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(e) t = 0.333 s














(f) t = 0.417 s
Figure C.-3: Comparison between vorticity field and dye visualization images. The vortex
ring is generated with a stroke ratio of 2 and it has a Reynolds number of 3420.
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θ = 0.50














(a) t= 0 s














(b) t= 0.083 s
128
Appendix C. Comparison between dye flow visualization images and PIV images














(c) t = 0.166 s














(d) t= 0.250 s
Figure C.-4: Comparison between vorticity field and dye visualization images. The vortex
ring is generated with a stroke ratio of 3 and it has a Reynolds number of 5200.
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